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PREFACE. 


When  I  had  completed  my  treatise  on  Saturn  and  its 
System,  I  formed  the  design  of  preparing  a  separate 
treatise  on  each  of  the  planets  Mars  and  Jupit«r,  and 
then  another  and  larger  treatise  on  the  San.  Circum- 
stances, which  it  is  needless  to  particularize,  prevented 
me  from  carrying  out  this  design  at  that  time, 
and  indeed  threatened  to  withdraw  my  attention 
altogether  from  scientific  pursuita.  That  my  plans, 
though  delayed,  have  not  been  lost  sight  of  during  the 
laBt  four  years,  is  evidenced  by  the  appearance  of  many 
papers  of  mine  on  Mars,  Jupiter,  and  the  Sun,  in 
several  quarterly,  monthly,  and  weekly  journals.  These, 
if  collected,  would  of  themselves  suffice  to  form  volumes 
of  no  inconsiderable  dimensioDS  on  these  several  orbs  ; 
while  my  '  Otb^  Worlds  than  Ours '  presents  a  sort 
of  summary  of  my  researches  on  these  and  other 
astronomical  subjects.  But  it  is  only  quite  recently 
that  I  have  been  able  to  resume  my  original  design. 

The  delay  has  not  been  without  its  advantages,  how- 
ever. A  work  on  the  Sun  has  at  the  present  time  a 
far  greater  interest  than  it  would  have  had  four  years 
since ;  while  I  have  been  able  to  obtain  a  much  wider 
aud  more  complete  view  of  the  subject  than  I  should 
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probably  have  tbouglit  necesBaiy  bad  I  completed  the 
work  at  that  time. 

My  primary  object  in  ihe  present  voltune  has  been 
to  furnish  a  iiill  account  of  the  remarkable  discoveries 
■which  have  been  effected  by  observers  of  the  Sun, 
whether  by  means  of  the  telescope,  the  Bpectioscope, 
polariscopic  analysis,  or  phot(^raphy.  It  will  be  seen 
that  Chapters  IV.,  V.,  and  VI.,  in  which  I  deal  with 
these  discoveries,  together  constitute  more  than  one 
half  of  the  main  text.  In  these  chapters  the  labours 
of  the  Herschels,  Schwabe,  Carrington,  Secchi,  De  la 
Rue,  Stewart,  and  others  in  examining  the  solar 
Biu^ace ;  the  later  observations  of  Hug^na,  ZoUner, 
Bespighi,  Secchi,  Lockyer,  Young,  and  others  in  the 
study  of  the  prominences  and  chromosphere ;  and  the 
observations  which  have  been  made  during  the  past  two 
centuries  on  the  phenomena  presented  by  the  solar 
corona,  have  been  dealt  with  at  considerable  length. 

But  it  seemed  desirable  tJiat  a  separatfi  and  complete 
explanation  should  be  given  of  all  those  matters  which 
specially  appertain  to  the  application  of  spectrtracopic 
analysis  to  the  study  of  solar  physics.  Without  an 
account  of  these  matters,  many  of  tihe  most  interesting 
discoveries  made  in  recent  times  would  be  almost  un- 
intelligible, and  it  did  not  seem  fitting  to  refer  the 
general  reader  to  the  valuable  bat  costly  works  of 
RoBCoe  and  Schellen,  Further,  I  think  such  a  mode  of 
treating  spectrcecopic  analysis  as  I  have  adopted  in 
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PREFACE.  IX 

Chapter  III,  of  this  work,  more  likely  to  be  of  use 
to  the  reader  than  a  fuller  but  less  eimple  account. 
In  one  respect,  indeed,  Chapter  III.  presents  irhat  is 
wanting  in  every  treatise  on  the  analysis  which  I  have 
hitherto  seen  ;  the  matter  in  pp.  128-156  exhibits  what 
really  happens  when  the  light  from  the  object  studied 
is  sent  through  a  battery  of  prisms.  In  Chapter  III. 
I  give  an  account  of  the  principles  of  Browning's  auto- 
matic spectroscope,  and  exhibit  a  plan  of  my  own  by 
which  this  principle  may  be  extended  so  as  to  include 
a  second  battery.  I  think  that  in  future  applications 
of  spectroscopic  analysis,  the  plan  illustrated  at  p.  139 
is  likely  to  be  found  of  considerable  utility. 

Another  lai^e  section  of  the  book  is  devoted  to  the 
question  of  the  Sun's  distance.  In  Chapter  I.  will  be 
found  a  very  full  account  (the  fiillest  popular  account 
yet  published,  I  believe)  of  the  reeearches  which  have 
been  made  up  to  the  present  time  into  this  subject : 
while  in  Appendix  A  the  transits  of  1874  and  1882 
(already  attracting  much  notice)  are  dealt  with  at 
length,  and  the  best  mesne  for  observing  them  effectively 
are  fully  considered.  The  subject  is  one  to  which  I 
have  given  much  attention.  In  constructing  the  pic- 
tures &om  which  Plates  IX.  and  X.  have  been  reduced 
(by  photolithc^raphy),  every  circumstance  of  tJie  transit 
of  1874  was  taken  most  carefully  into  account ;  and  I 
think  that  I  may  safely  say  of  these  views,  the  four 
vduch  acccanpanied  them  in  Vol,  XXIX.  ofthe'Aatco- 
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nomicaJ  Sodety'a  Notices,'  and  Pkte  VIII.,  that  they 
are  far  the  most  accurate  graphic  representationB  that 
have  jet  been  made  of  thia  or  any  other  transit.  The 
views  on  pp.  446,  447,  though  small,  illostrate  the 
transit  of  1882  more  accurately  than  any  views  yet 
made,  so  far  as  I  know. 

The  note  on  pp.  443-445  serves  to  indicate  the 
circumstances  under  which  my  investigation  of  the 
transits  of  1874  and  1862  led  me  to  indicate  my  dissent 
from  the  views  which  the  Astronomer  Royal  had  pro- 
pounded on  the  same  subject  It  was  not  easy — or 
rather  it  was  not  possible — for  me  to  exhibit  my  results 
without  pointing  out  how  and  why  they  differed  from 
Professor  Airy's,  which  had  been  for  so  many  years 
before  the  public.  The  accuracy  of  my  results  has 
now  been  established,  and  has  indeed  never  been 
doubted.  The  only  question  which  remains  at  issue  is 
whether  I  was  right  or  wrong  in  regarding  the  correc- 
tions as  important.  While  expressing  my  own  un- 
changed conviction  that  the  corrections  are  of  vital 
importance,  I  am  quite  content  to  let  others  decide 
whether  tliis  conviction  is  well  or  ill-founded. 

In  Chapter  II.  a  detailed  account  is  given  of  the 
Sun's  influence  as  ruler  over  the  system  of  planets. 
Many  of  the  relations  here  dealt  with  are  novel  and 
I  think  interesting.  In  the  last  three  chapters  I 
deal  with  the  Sun's  physical  condition,  his  position  as 
fire,  life,  and  light  of  the  solar  system,  and  his  place 
and  motions  among  his  fellow-suns.     It.  will  be  seen 
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that  in  Chapter  VIQ.  I  have  presented  reaaons  for 
considering  that  the  most  important  work  science  has 
to  accomplish  is  to  show  how  the  Sun's  action  can  be 
more  fuUy  utilized  than  it  is  at  present,  so  that  before 
the  Earth's  stores  of  force  are  exhausted  (as  they  must 
some  day  be),  resources  which  can  never  be  exhausted 
— because  unceasingly  restored — may  be  rendered 
available. 

The  treatment  of  the  suliject  of  eclipses  in  Appendix 
B  is  noTcL  It  seemed  to  me  that  there  was  room  for 
a  more  thorough  explanation  of  the  general  laws  on 
wluch  the  recurrence  of  eclipses  depends,  than  finds 
place  in  our  text-^books  of  astronomy* — the  authors  of 

*  In  this  eoniiectiini,  it  ia  necnwaiy  for  me  to  note  tbat  I  haTs  had 
o««a«ioii  to  claim  in  Sg.  8,  p.  31,  aod  fbot-aoEe,  pp.  2fi,  26,  a  drawiog 
which  appoors  at  p.  185  of  Hr.  Lockjer'a  Eltmtniary  Imiosi  m 
Attnmmj/.  This  dxairing,  and  other  mattor  which  hs  baa  paid  me  the 
compliment  of  employing  in  his  osefal  little  book,  maj  be  of  small  im- 
portance, and  it  would  be  ab»urd  to  snppoae  thai  in  s  text-book  no 
■"■*"i»i«  ebonld  thus  be  borrowed.  Bat  it  haa  been  conTenient  to  me 
here — and  ma;  be  ccatTenient  again — to  make  nae  of  mj  own  wo  A ;  and 
I  would  rather  not  appear  to  bonow  (at  1ea«t  without  proper  acknow- 
ledgment) from  Mr.  Lockyer.  This  feeling  aetnoa  ao  uatoral,  that  it 
haa  been  with  anrprise  I  hsTS  fbimd  Mr.  Lockyer  oljects  to  it.  Ia 
a  letter  to  Meaars.  Macmillan,/i)r  me,  he  haa  ezpresaed  a  aomewbat 
angrj  aatiafaction  tliat  though  he  haa  boirowed  in  the  same  work 
and  waj  from  man;  othen,  no  one  liaa  remarked  upon  it  bat  mjaelf. 
(A  miatake,  howeret.)  H;  remarki  were  aufflciently  genlie,  and  all  I 
aaked  waa  that '  by  aaeociating  my  name  with  my  own  reeulte  (aome  of 
which  had  only  been  obtained  after  moeh  labour)  he  would  place  it  in 
my  power  to  employ  Hioae  leaulta.'  For,  else,  I  abould  aaem  to  be  acting 
nnfairiy  towards  him,  by  n«ing  hi«  work  withoat  that  acknowledgmeDt 
which  jnatice  and  conrt^ey  alike  require  in  luch,  casea.  I  certainly 
had  DO  thought  of  asgeriiig  him,  end  it  haa  been  with  sincere  regret 
that,  nnce  then,  I  hare  seen  his  anger  leading  him  to  say  and  do  many 
thinga  which  I  am  sure  he  will  regret  in  the  cooler  after-yeara. 
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which  have  heea  content  for  many  years  to  follow  eacli 
other,  aa  respects  this  matter,  along  a  somewhat  un- 
satisfactory  track. 

It  only  remains  for  me  to  point  ont  that  in  Bomeof  the 
notee  I  deal  with  matters  and  employ  methods  of  treat- 
ment which  would  not  be  suitable  for  the  main  text. 
The  general  reader  can  omit  these  notes  altogether,  as 
"  they  are  not  necessary  for  the  elucidation  of  the  subject 
and  have  only  been  introduced  for  the  benefit  of  those 
more  advanced  students  of  astronomy  who  might  desire 
to  see  certain  points  more  thoroughly  dealt  with  than 
they  could  be  in  the  body  of  a  popular  treatise  like  tiie 
present. 

KlCHARD   A.   PbOCTOK. 

London:  J}ecembtr  1S70. 
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THE     SUN. 


.  INTRODUCTION. 

It  would  be  difficult  to  form  an  idea  of  the 
length  of  time  during  which  the  phenomena  of  day  and 
night,  and  of  the  varying  seasona,  transpired  without 
attracting  men's  attention  to  the  orb  which  governs 
both  the  day  and  the  year.  That  the  science  now  called 
Astronomy  had  its  origin  in  thft  consideration  of  the 
Sun's  apparent  motions  we  can  scarcely  doubt  Clear 
indications  remain,  indeed,  that  the  earliest  efforts  of 
men  to  determine  the  motions  of  the  celestial  bodies 
were  directed  to  the  great  centre  and  ruler  of  the 
planetary  scheme.  But  when  those  efforts  were  first 
made,  what  were  the  first  conceptions  of  astronomers 
Bs  to  the  natare  of  the  solar  motions,  and  how,  in  the 
process  of  time,  those  conceptions  assumed  the  form 
described  in  the  earliest  records  of  astronomical  re- 
search, we  probably  shall  never  know. 

Nor,  so  far  as  my  purpose  in  these  pages  is  con- 
cerned, is  it  of  any  great  importance  that  the  truth  in 
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2  THE  &VN. 

these  mattei-s  should  be  ascertained.  It  would  doubt- 
.less  form  an  interesting  subject  of  study  to  trace  the 
first  progress  of  men  as  they  endeavoured  to  elucidate 
the  secrets  of  the  heavens.  Even  what  we  know  of 
the  early  researches  of  astronomem  is  full  of  interest, 
and  not  wanting  in  instruction.  Their  failures  as  well 
as  their  successes  teach  us  a  useful  lesson  of  patience 
and  of  perseverance.  The  couGdence  with  which  at 
times  they  insisted  on  adopting  erroneous  theories  may 
serve  to  teach  us  a  lesson  of  modesty  and  caution.  And 
the  gradual  process  by  which  observation,  and  thought- 
ful reasoning  upon  observation,  led  men  to  the  success- 
ful solution  of  BO  many  noble  problems,  is  as  full  of 
interest  to  the  thoughtful  student  as  the  most  spirit- 
stirring  scenes  of  history.  But  where,  as  in  tJie  present 
instance,  it  is  the  object  of  the  writer  to  exhibit  the 
clearest  possible  picture  of  what  is,  it  may  he  gravely 
questioned  whether  it  is  wise  to  present  the  full  history 
of  a  series  of  researches  which  proceeded  often  on 
erroneous  hypotheses.  It  is  sufficiently  difficult  to  con- 
vey in  the  compass  of  a  single  volume  clear  and  accu- 
rate conceptions  of  a  wide  astronomical  subject ;  and  thu 
task  is  rendered  much  more  difficult  where  the  history 
of  false  or  imperfect  theories  is  mixed  up  with  the 
account  of  recognised  truths. 

But  there  is  yet  another  reason  for  not  undertaking 
to  give  in  this  work  a  history  of  the  prepress  by  which 
men  attained  their  present  conceptions  respecting  the 
Sun,  nor  even  attempting  the  far  easier  task  of  showing 
how,  by  a  series  of  simple  observations,  the  position  of 
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the  Sun  in  the  solar  system,  and  especially  with  re- 
ference to  our  Earth,  might  have  been  ascertained. 
The  fact  is,  that. such  an  undertaking  would  differ  but 
little  from  an  attempt  to  combine  a  complete  history  of 
astronomy — or  at  the  least  a  ctHnplete  dlscuesion  of  all 
known  astronomical  relations — with  that  special  discus- 
sion of  the  Sun's  nature  and  condition  which  forms  the 
essential  object  of  this  treatise.  For  there  is  not  a 
single  chapter  of  a  treatise  on  general  astronomy  which 
is  not  more  or  leas  associated  with  the  relations  pre- 
'  sentedbythe  Sun;  and  it  may  even  be  said  that  there 
is  not  a  single  subject  dealt  with  by  astronomers  which 
does  not  owe  its  chief  interest  to  euch  an  association. 

Therefore  I  find  myself  compelled  to  forego  that 
mode  of  treating  my  subject  which  bad  seemed  the 
best  when  I  was  dealing  with  the  planet  Saturn.  One 
can,  without  prolixity,  discuss  the  gradual  progresa  of 
research  by  which  the  relations  presented  by  a  single 
planet  have  been,  or  might  be,  ascertaiued.  But 
s  preliminary  research  of  this  sort  would  require,  in 
the  case  of  the  Sun,  a  volume — and  no  small  one — to 
itself. 

The  course  I  propose,  therefore,  to  adopt  is  as 
follows : — I  shall  pass  over  all  that  portion  of  the  his- 
tory of  astronomy  which  relates  to  the  determination  of 
the  Sud's  central  position  in  the  system  he  governs. 
I  shall  give  no  account  of  the  methods  by  which  the 
nature  of  the  Sun's  diurnal  motions  were  determined, 
nor  shall  I  show  how  irom  this  knowledge,  combined 
with  the  gradual  survey  of  the  terrestrial  globe  and 
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the  recognition  of  the  Sun's  apparent  annual  progress 
around  the  sidereal  heavens,  the  ancients  recognised 
the  fact  that  either  the  Sun  travels  yearly  around  the 
Earth,  and  is  carried  also  daily  round  with  the  heavens, 
or  else  that  this  Earth  on 'which  we  live  speeds  yearly 
around  the  Sun,  rotating  daily  on  her  axis.  The 
observations  on  the  planets  by  which  the  true  inter- 
pretation of  these  apparent  motions  of  tlie  Sun  was 
eventually  obtained  must  also  remain  undiBCuesed. 

We  are  to  begin,  then,  by  regarding  the  Sun  as  the 
recognised  centre  of  the  solar  eystem,  ruler  over  a 
scheme  of  worlds,  on  which  he  pours  forth  abundant 
supplies  of  heat  and  light. 

So  regarding  the  Sun,  we  shall  first  be  led  to  inquire 
into  the  distance  of  the  great  luminary,  in  order  that 
we  may  determine  his  real  dimensions.  The  funda- 
mental problem  of  astronomy — the  determination  of 
the  Sun's  distance — a  problem  which  has  at  the  pre- 
sent time  a  special  interest  on  account  of  those  ap- 
proaching transits  of  Venus  from  the  observation  of 
which  astronomers  hope  to  obtain  new  and  better 
measures — will  therefore  form  the  subject  of  the  open- 
ing chapter  of  this  work.  This  chapter  will  naturally 
include  the  consideration  of  the  Sun's  dimensions,  and 
cf  the  scale  of  the  solar  system  generally. 

Then,  next,  the  question  of  the  Sun's  mass,  and  of 
the  influences  which  he  exerts  by  reason  of  his  mass, 
will  come  to  be  considered.  We  shall  measure  the 
might  of  the  giant  wliich  rules  the  whole  family  of 
planets,  and  consider  the  limits  of  his  domain.     We 
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ehall  ioquire  what  motions  it  is  id  his  power  to  control 
at  diia  or  that  distance,  and  so  determine  the  limits 
of  his  power  to  gather  fresh  materials  from  out  the 
surrounding  spaces,  either  in  such  sort  as  to  recruit 
his  own  mass,  or  as  to  enlarge  the  crowd  of  relatively 
minute  bodies  which  circle  contiQually,  as  we  know, 
around  him. 

Then  we  shall  proceed  to  discuss  what  the  spectro- 
scope has  taught  respecting  the  actual  materials  which 
constitute  the  Sun's  substance,  placing  this  inquiry 
before  those  chapters  which  deal  with  the  telescopic 
aspect  of  the  Sun's  surface,  the  prominences,  and  the 
corona,  in  order  that  there  may  be  no  break  in  the 
narrative  in  passing  from  the  era  of  unaided  telescopic 
research  to  the  recent  era  of  mixed  telescopic,  spec- 
troscopic, photographic,  and  polariscopic  observaticn. 
In  other  words,  an  account  of  the  principles  of  spectro- 
scopic research,  including  so  much  of  the  history  of 
spectroscopic  analysis  as  is  sufficient  to  make  the 
subject  clear  (and  therefore  necessarily  including  an 
account  of  the  Sun's  general  structure  as  indicated  by 
the  solar  spectrum),  will  precede  the  narrative  of  that 
long  series  of  researches  which  commenced  with  the 
discovery  of  the  solar  spots.  The  chapter  on  spectro- 
scopic analysis  will  close  with  an  explanation  of  those 
spedal  modes  of  spectroscopic  research  which  have 
seemed  uDiutelligible,  or  rather  incredible,  to  many, 
but  yet  depend  on  principles  of  exceeding  simplicity. 

Then  will  follow  chapters  describing  the  discoveries 
which  have  been  made  by  aid  of  the  telescope — and  its 


allies,  the  Bpectroscopei  the  polariscope,  aod  photo- 
graphy— reapectiiig  the  aspect  and  general  condition  of 
the  Sun'B  phot^phere,  the  coloured  prominences,  the 
corona,  and  bo  on.  The  physical  condition  of  the  Sun, 
the  amount  and  probable  source  of  his  beat,  and  other 
like  questions,  will  next  be  dealt  with.  And,  finally, 
we  shall  consider  the  system  of  suns,  and  the  position 
which  our  Sun  holds  in  that  system,  so  far  as  the  re- 
searches yet  made  by  astronomera  enable  us  to  deal 
with  this  noblest  of  all  subjects  of  study. 

Thus  we  have  before  us  a  sufSciently  wide  range  of 
research.  Our  progress  will  lead  us  to  consider  eome 
of  the  most  successful  attempts  yet  made  by  man 
to  resolve  the  mysteries  of  the  universe.  We  shall 
have  to  deal'  with  much  that  invites  reflection  and 
speculation — with  much  that  may  be  explained  by  the 
thoughtful  study  of  evidence  already  obtuned ; — but 
also  with  much  that  contiDueB,  and  may  perchance 
continue  for  many  years,  altogether  perplexing.  We 
have,  in  fine,  to  deal  with  a  subject  which  is  full  of 
interest,  but  whose  real  grandeur  and  significance,  as 
well  as  its  vast  difficulties,  are  but  now  beginning  to  be 
rightly  underatood. 
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CHAPTER    r. 

THE   SUN'S  DISTANCE  AND   DIMENSIONS. 

The  deteuhikation  of  the  Sun's  distance  is  not 
only  an  important  problem  of  general  astronomy,  but, 
so  far  as  the  subject  of  this  treatise  is  concerned,  it 
may  be  regarded  as  tbe  very  foundation  of  all  our 
researches.  For  until  we  know  the  Sun's  distance  we 
can  determine  neither  his  bulk  nor  his  weight;  aad 
our  views  even  as  to  bis  physical  condition  will  be 
found  to  depend  in  an  important  degree  on  the  estimate 
we  form  respecting  those  two  elements.  A  minute 
error  in  the  solution  of  the  problems  on  which  the 
determinatioD  of  the  Sun's  distance  depends  would  not 
only  result  in  adding  or  withdrawing  hundreds  of 
millions  of  cubic  miles  from  the  Sun's  volume,  an^ 
many  multiples  of  the  Earth's  mass  from  his  weight, 
but  our  conceptions  of  the  size  of  solar  spots,  the 
height  of  the  coloured  prominences,  the  velocity  of 
solar  currents  and  cyclones,  and  many  other  such 
matters,  would  be  rendered  proportionately  erroneous. 
It  is,  therefore,  of  the  utmost  importance  that  we 
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should  have  accurate  views  respecting  the  mtHleB  of 
Research  by  which  the  Sud's  dietance  has  been  estimated , 
and  that  we  should  know  the  probable  limits  of  error 
in  the  resulting  determinations.  The  subject  b&s  a 
special  interest  at  the  present  time,  because  prepara- 
tions are  even  now  being  made  for  the  application,  in 
the  winter  of  1874,  of  one  of  the  most  effective  methods 
(at  the  disposal  of  astronomers  for  the  solution  of  this 
most  noble  problem.' 

Let  us  consider  the  general  nature  of  the  problem, 
in  order  that  we  may  the  better  appreciate  its  difficul- 
ties. Many  are  disposed  to  wonder  that  astronomers 
should  not  long  since  hare  mastered  what  seems  to  be 
an  almost  elementary  problem  of  the  science ;  and  it 
has  appeared  as  a  blot  on  the  fair  fame  of  astronomy  that 
errors  and  differences  of  millions  of  miles  should  have 
followed  the'  attempt  to  aolve  this  particular  problem. 
Then,  too,  when  tlie  resulting  errors  in  the  determina- 
tion of  the  distances  of  the  outer  planets,  and  the  still 
larger  errors  in  the  determination  of  the  distances  at 
which  the  fixed  stars  lie  irom  us,  are  considered,  the 
inquiry  is  suggested, '  Where  is  the  boasted  accuracy 
of  Ae  most  exact  of  the  sciences  ?  '  'We  shall  see  as 
we  proceed  that  the  great  wonder  is,  not  that  the 
estimates  made  by  astronomers  should  differ,  but  that 
even  the  vaguest  ideas  should  have  been  formed  re- 
specling'the  Sun's  distance.  The  problem,  as  presented 
in  its  simplicity  (the  simplicity  of  perfect  difficulty), 
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seems  at  first  sight  one  that  no  liumaa  ingenuitj  could 
aTsil  to  solve. 

In  fig.  i  let  s  represent  the  Sun,  and  K  b'  e"  tlie 
orbit  of  the  Earth.  Then  on  the  scale  of  the  figure,  a 
dot  meant  to  represent  the  Earth  should  have  dimen- 
sions so  minute  that  it  would  he  altogether  inviaihle  to 
the  naked  eye.  The  line  representbg  the  Earth's  path 
is  broad  enough  to  obliterate  more  than  a  hundred  such 
dots  placed  side  by  side  across  its  widtK  Now,  it  is  the 
inhabitants  of  the  globe  represented  by  this  tiny  dot, 

Fto.  I. 


who  have  to  measure  the  distance  separating  the  inac- 
cessible giobe  s  from  E  e'  e."  The  globe  on  which 
they  live  is  continnally  rotating  on  its  axis,  it  is  sweep- 
ing onward  with  inconceivable,  velocity  on  the  path 
E  vf  e",  yet  from  this  rotating,  onward-rushing,  and 
relatively  nunute  orb,  the  obsen'ations  are  to  be  made 
by  means  of  which  the  vast  distance  of  8  has  to  be 
determined.  Still  considering  fig.  I,  let  us,  in  yet 
another  way,  picture  to  ourselves  the  nature  of  the 
problem  to  be  dealt  with. 
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Suppose  the  Earth  on  the  orbit  e  e'  e"  to  be  re- 
presented by  a  globe  one  Inch  in  diameter.*  Then  the 
Sun  at  s  would  be  represented  by  a  globe  9  feet  in 
diameter,  and  his  diBtance  from  the  orbit  E  e'  e"  by  no 
less  than  320  yards.  Let  any  one  who  has  noticed  the 
300  yards'  range  in  rifle  shooting  consider  bow  minute 
a  disc  one  inch  in  diameter  would  appear  at  that  dis- 
tance, and  be  will  at  once  rect^^se  how  difficult  a 
problem  the  astronomer  has  to  solve  in  determining  the 
Sun's  distance  ;  for  that  minute  and  scarcely  percep- 
tible disc  subtends  the  very  angle  on  whose  exact 
measurement  the  solution  of  this  problem  depends. 
But  even  when  any  one  has  pictured  to  himself  the 
difficulty  of  determining  the  exact  angle  subtended  by 
an  inch  disc  at  that  distance,  and  how  easily  the  angle 
might  be  over-estimated  or  under-estimated  by  a  con- 
siderable iraction  of  its  real  value, — even  then  he  will 
not  have  realised  the  actual  difficulty  of  the  problem. 
Let  him  reverse  the  illustration,  and  picture  the  difficulty 
of  determining  by  observations  made  from  points  within 
this  inch  disc  the  distance  of  a  station  320  yards  off. 
Yet  even  then  he  will  have  underrated  the  difficulty  of 
the  actual  problem  astronomers  have  to  solve.  He 
must  suppose  the  two  sets  of  observations  to  be  miide 
by  different  observers,  at  different  seasons,  in  different 
weather,  with  different  instruments ;  that  each  set  of 

*  It  is  convenient  to  Temembei  that  a  bronie  hal/penn;  ie  exactly 
one  inch  in  diameter ;  so  that  an  eiBcl  lepreaeutatiou  of  a  great  circU 
of  the  earth,  on  the  scale  we  are  aov  contidering,  can  be  conTenieutlj 
referred  to. 
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bsen-ations  has  to  be  corrected  for  a  wholly  difTerent 
series  of  conditioiis ;  that  each  obeerver'B  station  ia 
shifted  continuously  by  two  distinct  forms  of  mo- 
tion, which  must  both  be  taken  into  account  (involviDg 
a  careful  reference  to  the  question  of  time)  before  any 
satisfactory  use  can  be  made  of  the  observed  results. 

Such,  in  a  general  sense,  is  the  nature  of  the  problem 
astronomers  have  to  deal  witfa.  The  conditions  of  the 
problem  are  not  of  tiieir  fixing ;  all  they  can  do  is  to 
face  as  resolutely  and  skilfully  as  they  can  the  difficul- 
ties which  the  problem  presents  to  them.  They  have 
done  this  so  well  that  the  history  of  the  problem  has 
become  to  the  thoughtful  student  of  science  as  interest- 
ing as  a  romance.  But  they  do  not  pretend  to  have 
secured  a  greater  amount  of  accuracy  than  the  nature 
of  the  problem  and  the  means  at  their  disposal  render 
possible.  Let  this  be  distinctly  understood  beforehand, 
— Absolute  accuracy  in  the  solution  of  this  problem  is 
simply  out  of  the  question. 

And  now  let  us  consider  how  the  problem  is  ^  be 
attacked.  In  reality  no  less  than  six  methods  have 
been  successfully  applied;  but  there  is  only  one 
method  which  is  strictly  geometrical  in  ita  nature, 
and  this  metliod  must  be  the  first  to  engage  our  atten- 
tion. 

In  determining  the  distance  of  an  inaccessible  object, 
the  geometer  first  measures  a  base-line,  and  then 
observes  the  bearing  of  the  object  from  either  end  of 
that  line.     He  thus  has  the  means  of  determining  the 
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distance  of  the  object  vith  an  exactness  proportiona] 
to  the  accuracy  of  his  observations. 

Suppose,  for  example,  the  object  is  at  o  (fig.  2),  and 
that  the  observer  measures  the  base-line  a  b  and  ob- 
serves the  bearings  B  o  and  a  o.  Then,  if  he  has  done 
this  accurately,  he  can  draw  a  picture,  as  in  the  figure, 
accurately  representing  his  observations,  and  he  can 
measure  either  a  o  or  b  o  in  this  picture,  and,  by  com- 
paring these  measurements  with  the  length  of  a  n  in 
bis  picture,  he  can  tell  what  relation  the  actual  dis- 
tances A  o  or  B  o  bear  to  the  actual  base-line  a  b. 


Thus,  if  bis  base-line  a  e  is  800  feet  long,  so  that  each 
of  the  divisions  in  the  figure  represents  a  lengtb  of  100 
feet,  then  if  b  o  be  found  to  contain  fifteen  of  these 
divisions,  he  will  know  that  o  is  1,500  feet  from  b. 
Usually,  however,  instead  of  merely  drawing  a  figure 
(a  proce>«  in  which  errors  may  creep  in  through  the 
imperfection  of  rulers,  compasses,  and  so  on),  the  sur- 
veyor would  apply  trigonometrical  ctdculation  to  deter- 
mine B  o  or  A  o  as  accurately  as  his  observations  per- 
mitted. 

But  now,  if  either  his  base-line  or  his  bearings  be 
wrongly  determined,  it  is  clear  the  distances  A  o  or  b  o 
will  be  wrongly  estimated  from  them.     The  effect  of  a 
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wrong  meaBurement  of  the  base-line  is  too  obvions  to 
need  special  discuBSJon ;  clearly  the  error  of  B  o  or  a  o 
will  be  precisely  proportional  to  the  error  of  a  b.  But 
the  error  resulting  from  wrong  estimates  of  the  bearings 
requires  to  be  attentively  consider ed. 

Suppose  the  bearing  A  o  wrongly  observed,  and 
placed  as  A  1  or  a  2.  Then  if  the  bearing  B  o  be 
correctly  observed,  the  resulting  error  will  be  o  1  or 
o  2  respectively.  On  the  other  hand,  if  the  bearing 
A  o  be  correctly  observed  but  b  o  misplaced  as  B  3 
or  B  4,  the  error  will  be  o  3  or  o  4  respectively.  If 
the  bearings  a  o  and  b  o  be  both  misplaced  outside, 
or  both  inside,  the  true  direction  of  o,  the  place  of  the 
point  o  will  be  calculated  as  if  at  5  or  6  respectively. 
And,  fiually,  if  the  bearings  arc  misplaced  in  different 
ways — that  is,  one  inside  o  and  the  other  outside — the 
point  o  will  be  calculated  as  if  at  7  or  8,  respectively. 
Now,  under  favourable  conditions,  a  skilful  observer, 
though  he  must  needs  make  some  error  in  estimating 
his  bearings  (for  no  instruments  can  be  absolutely  per* 
feet),  would  yet  bring  the  estimated  point  relatively 
very  near  to  o ;  in  other  words,  though  he  might  set  it  ' 
at  a  point  out  of  place  in  the  same  way  as  any  of  the 
points  1,  2,  3,  ...  8,  the  area  of  error  corresponding  to 
the  area  5  7  6  8  would  be  small  compared  with  the 
area  a  o  b. 

But  now  suppose  that  instead  of  such  a  triangle 
as  A  o  B,  our  observer  has  to  deal  with  a  triangle 
shaped  like  a  o  h  in  the  next  figure—  an  ill-con- 
ditiojted  triangle,  to  use  an   expression   of  Sir  John 
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HersclierB.  It  is  at  once  seen  that  a  very  small  error 
in  either  of  his  bearings  will  set  the  observer  far  wrong 
in  his  eBtimate  of  the  distance  of  o.  Suppose  he  has 
rightly  determined  the  position  of  a  o,  but  has  the 
bearing  bt/  or  bo"  in  place  of  the  true  bearing  b  o.    He 


has  the  Urge  error  o  o'  ot  o  o",  instead  of  the  relatively 
small  error  o  4  or  o  3  in  the  case  pictured  in  fig.  2. 

Now,  the  first  important  astronomic^  problem  in  dis- 
tance-measuring— a  problem  infinitely  less  difficult  than 
that  of  determining  the  Sun's  distance — involves  this 
very  difficulty  to  a  degree  far  greater  than  is  indi- 
cated in  fig.  3.  I  refer  to  the  measurement  of  the 
Moon's  distance. 

If  E  (fig.  4)  represent  the  Earth.the  Moon  would  be 
placed  somewhat  as  at  M,  and  if  it  were  possible  to 
make  use  of  two  observatories  situated  as  at  a  and  b 
at  opposite  extremities  of  a  diameter  of  the  Earthj  the 
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actual  difference  of  bearing  of  the  Moon  would  be  i'e- 
presented  by  the  small  angle  a  K.  b.  As  a  matter 
of  fact,  however,  even  this  smalt  angle  has  to  be  re- 
duced considerably,  because  from  a  or  b,  the  Moou 
would  be  on  the  horizon,  and  the  estimate  of  her  posi- 
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Hon  rendered  uDsatiefactory  hj  atmospheric  refractioD. 
The  angle  a  w  b  is  about  a  degree  and  a  quarter,  and 
it  affords  a  very  satisfactory  idea  of  the  skill  with  which 
ancient  astronomers  employed  their  relatively  ineffective 
instrumental  means,  that  thdr  estimate  of  the  Moon's 
distance  differed  irom  the  truth  by  only  a  fiftieth  part. 
Modem  astronomy  has  so  completely  mastered  the  pro- 
blem of  determining  the  Moon's  distance,  that  the  esti- 
mate now  adopted  can  scarcely  exceed  or  fall  short  of 
the  truth  by  so  much  as  twenty  miles,  or  less  than  a 
ten- thousandth  part  of  the  whole. 

But  when  ihe  method  thus  shown  to  be  available 
in  the  case  of  the  Moon  is  applied  to  the  Sun,  it  is 
found  to  be  absolutely  ineffective.  The  nicest  obser- 
vation fails  to  show  any  measurable  difference  in  the 
Sun's  position  according  as  he  is  viewed  from  one  or 
another  part  of  the  Earth's  surface.  It  is  true  that  there 
is  a  difference,  and  indeed  a  difference  which  is  large 
compared  with  some  quantities  which  ifstronomers  are 
in  the  habit  of  dealing  with ;  but  as  a  means  of  esti- 
mating the  Sun's  distance,  this  direct  reference  to  what 
is  called  parallactic  displacement  may  be  regarded  • 
as  wholly  ineffective. 

Other  methods,  then,  must  be  adopted.  I  proceed 
tu  consider  two  methods  which  suggested  themselves 
to  ancient  astronomers.  It  is  interesting  to  consider 
even  those  attempts  which  have  failed ;  for  they  show 
the  real  difficulty  of  the  problem  we  are  engaged 
upon. 

It  occurred  to  Aristarchus  of  Samoa  (who  flourished 
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anme  twenty  ceoturies  ago)  that  the  illumiaation  of 
the  Moon  hj  the  Sun  affords  a  means  of  eatimatdng  the 
Sun's  distance. 

If  m  h'  M  (fig.  5)  represent  the  Moon's  path  abont  the 
Earth  e,  and  8  be  the  place  of  the  Sun,  we  know  that 
the  Moon  is  half  full  when  near  M.  But  clearly- 
it  is  not  when  the  Moon  has  reached  the  point  H,  such 
that  u  E  m  is  a  right  angle,  that  she  is  exactly  half 
full,  but  when  she  ia  at  the  point  h',  such  that  e  h'  s  is 
a  right  angle.  If,  then,  we  can  only  determine  the  are 
m  m',  or  find  out  how  soon  after  new  moon  the  Moon 
appears  exactly  half  full,  we  can  tell  in  what  proportion 
Fio.  5. 


the  diBtance  of  the  Sun  exceeds  the  Moon's  distance ; 
for  in  that  case  we  have  the  angle  h'  e  8  as  well  as 
the  right  angle  at  m',  and  thus  the  shape  of  the  tri- 
angle E  h'  s  is  assigned,  and  with  it  the  proportion 
,  of  E  s  to  E  m',  which  is  what  we  require. 

Let  us  pause  to  notice  the  ingenuity  of  this  method. 
The  point  to  be  determined  is,  in  reality,  the  distance 
between  m  and  H',  or  the  angle  H  E  h',  which  is  the 
same  as  the  angle  at  s.  In  other  words,  instead  of 
estimating  the  angle  which  the  Earth's  radius  subtends 
as  seen  from  s,  this  plan  requires  that  we  should 
determine  the  angle  which  the  Moon's  distance  sub- 
tends as  seen  from  a; — a  much  easier  problem,  first. 
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becanee  the  Utter  angle  is  60  times  ae  great  as  the 
former,  and  secondly,  because  the  necessary  observa- 
tions can  be  made  at  one  terrestrial  station. 

Ingenious  as  the  plan  was,  however,  it  was  totally 
inadequate  to  meet  the  real  (but  as  yet  unknown) 
difficulty  of  the  problem.  Aristarchua  estimated  the 
Sun's  distance  E  s  at  nineteen  times  the  Melon's,  or 
(roughly)  at  a  twentieth  oi  its  true  value. 

However,  we  should  perhaps  regard  the  estmiat« 
by  AristarchuB  as  corresponding  to  those  modem  esti- 
mates of  certain  stellar  distances,  regarding  which 
astronomers  only  say  that  they  do  not  fall  short  of  a 
Tio.  6. 


certain  value,  without  claiming  to  know  how  far  they 
may  exceed  it. 

The  next  plan  of  attack  was  devised  by  Hippar- 
chus. 

Let  M  (fig,  6)  represent  the  Moon  just  entering  the 
shadow  of  the  Earth  z,  B  being  the  Sun.  It  Is  clear 
that  if  the  Sun  were  just  as  large  as  the  Earth,  the 
shadow's  width  m  m'  would  be  exactly  equal  to  the 
Earth's  diameter.  If  the  Sun  were  less  than  the  Earth, 
the  shadow  at  m  m'  would  be  wider  than  this  ;  and  if 
the  Sun  were  greater  than  the  Earth,  the  shadow  at 
m  m'  would  be  narrower  than  the  Earth's  diameter, 
Hipparchus  reasoned  that  if  m  m'  is  known,  then  by 
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combining  this  measure  with  our  knowledge  of  the 
Moon's  distance  and  the  Sun's  apparent  diameter,  we 
can  determine  the  Sun's  distance.* 

This  method,  like  the  former,  was  exceedingly  in- 
genious, because  it  promised  to  enable  a  single  observer, 
hy  merely  timing  the  duration  of  a  lunar  eclipse,  to 
solve  a  problem  which,  attacked  directly,  requires 
very  delicate  observations,  made  at  stations  very  far 
apart. 

Agun,  however,  the  as  yet  unknown  vastness  of  the 
Sun's  distance  foiled  the  ingenuity  of  astronomers. 
We  now  know  that  the  plan  just  described  is  utterly 
inadequate ;  and  we  can  readily  understand  how  it 
was  that  Hipparchus  and  Ptolemy  (who  followed  him 
in  applying  the  method)  arrived  at  a  measure  of  the 
Sun's  distance  which  lay  no  nearer  to  the  truth  than 
the  determination  made  by  Aristarchus  of  Samos. 

Thus  it  came  to  pass  that  until  the  time  of  Tycho 
Brahe  the  received  estimate  of  the  Sun's  distance  was 
no  greater  than  five  millions  of  miles ;  nor  is  it  too 
much  to  say  that  the  methods  applied  by  Aristarchus 
and  Hipparchus  might  equally  well  have  given  any 
result  whatever,  from  a  million  miles  to  infinity.  In 
other  words,  the  limits  of  error  by  these  methods,  and 
with  the  means  avulable  to  ancient  astronomers, 
actually  exceed  the  quantity  to  be  determined. 

We  come  now,  however,  to  the  methods  belonging 

•  WecftndetBrmina  at  once  theftiigletDcludedbetT»«n«)n&Dd«'m'i 
it  ii  ewilj  seen  that  ths  angle  Babtendrd  bj  the  Sud's  ieim-disn«t«r 
exceeds  this  angle  by  twice  the  Sun'i  horuontal  pualUz. 
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to  modern  astronomy.  Before  dealing  with  them  it 
win  be  convenient  to  indicate  the  quantity  which — 
instead  of  the  distance — is  the  direct  object  of  the 
leseKTches  to  be  described.  Of  course  the  distance  is 
what  astronomers  really  require ;  but  this  distance  is 
det«nnined  (at  least  as  far  as  direct  surveying  methods 
are  concerned)  by  the  measurement  of  the  angle 
between  lines  directed  towards  the  Sun's  centre  from 
different  parts  of  the  Earth.  For  convenience,  one  of  the 
Fia.  7. 


(B= 


points  is  taken  to  be  at  the  Earth's  centre  as  B  (fig.  7 ). 
Now,  if  E  s'  represent  a  line  directed  from  e  towards 
the  Sun's  centre,  e  %"  a  line  directed  to  the  Sun  from  a 
point  e  00  the  Earth's  surface,  so  placed  that  e  s"  is  an 
horizou-Iinc  (that  is,  square  to  £  e\  then  the  angle 
between  the  lines  e  s'  and  e  s"  is  called  the  Sun's  hori- 
zontal parallax,*  and  this  is  the  quantity  which 
astronomers  set  themselves  to  determine  in  the  first 
place.  Of  course,  the  distance  of  the  Sun  becomes 
known  so   soon   as   this    angle  is   determined ;    and 

*  Aa  tba  Eaith  is  not  ft  perfect  sphere,  hohzoDtal  parallax  is 
diffeiSDt  in  difierrat  pbcM.  Foither,  the  Eorth'B  pa.th  is  eeceatiie,  and 
■0  then  is  a  ▼ariation  depcDding  on  her  position  in  her  orbit.  To 
■aenre  unifurmily,  the  resnlts  obtained  bj  aatronomera  ara  alwajs 
referred  («  the  horixontu]  parallax  of  the  Sun  at  his  mean  distance  and 
for  aplac«  on  the  Earth's  equator — orthetRnm  eqtuUorial  ^rixonial  lolar 
ftrtUax,  a>  it  is  called.  It  majperhape  be  aseful  to  remind  the  reader 
that  this  ezpresiton  mesne  menlj  the  apparent  length  of  bstf  the 
gnatfr  diameter  of  the  £Lirth's  disc  as  le^n  from  the  Son  (at  his  mean 
(Ullance). 
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throughout  the  remainder  of  this  chapter,  besides 
mentJoiuDg  the  parallax  deduced  by  each  method,  I 
shall  always  mention  the  correspooding  dietance.  ' 

Six  several  methods  have  been  devised,  each  at  least 
as  ingenious  as  the  methods  of  Aristarchus  and  Hip- 
parchus,  and  each  requiring  an  exactaese  of  observa- 
tion which  would  have  seemed  to  the  old  astronomers 
altogether  hopeless  of  attainment. 

The  first  two  methods  to  be  described  are  inti- 
mately assodated  with  Kepler's  laws  of  the  planetary 
distances. 

So  long  as  no  known  law  associated  the  distances  of 
the  planets  from  the  Sun,  it  did  not  seem  advisable  to 
attempt  to  measure  the  distance  of  any  planet  from 
the  Earth  as  a  preliminary  to  determining  the  Sun's 
distance ;  for  further  observations  were  required  in 
order  to  determine  what  relation  the  latter  distance 
bore  to  the  former.  But  so  soon  as  Kepler  proved 
that  the  distances  and  periods  of  the  planets  are  as- 
sociated hy  a  simple  law,  it  seemed  a  promising  course 
to  attack — instead  of  the  Sun — some  planet  which 
approaches  us  within  a  less  distance. 

Let  us  consider,  for  example,  the  case  of  the  planet 
Mars,  in  order  that  we  may  judge  how  much  is  to  be 
gained  by  the  course  suggested.  In  doing  this  we 
are  still  following  the  actual  order  of  events,  for  the 
first  determination  of  the  Sun's  distance  by  modem 
astrcDomers,  and  with  modem  instrumental  means,  was 
founded  on  observations  made  upon  the  Planet  of  War. 

In  6g  8,  the  orbits  of  Mars  (m)  and  the  Earth  (e) 
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about  the  Sun  (a)  are  accurately  laid  down, — the  line  ST 
representing  a  fixed  line  from  which  astronomers 
measure  the  motions  of  the  planets  around  the  Sun.* 
Now,  it  is  seen  at  once  that  when  near  M,  Mars  ia 
much  nearer  to  the  Earth's  path  than  the  Sun  is  ;  so 
that  when  the  Earth  and  Mars  are  in  conjunction  in ' 
this  neighbourhood,  it  becomes  an  easier  problem  to 
determine  the  distance  of  Mara  than  that  of  the  Sun. 


To  pat  the  matter  aimply,  the  Earth  at  £  look*  larger 
as  seen  from  H  than  as  seen  from  s ;  and  to  Bay  she 
looks  larger  is  the  same  as  saying  that  she  subtends  a 
greater  visual  angle ;  and  the  visual  angle  she  subtends 
from  Mars  precisely  measures  the  displacement  which 
Mara  will  show  as  seen  from  different  parts  of  the  Earth. 
Supposing  Mars  thus  favourably  situated,  and  that 
two  observera,  one  at  e  and  the  other  at  e'  (fig.  9), 

>  Tbii  line  ii  onl;  intnxlucrd  to  sipUin  tlie  uiisjminecrical  oapact  of 
the  two  patha ;  to  ihow,  ia  fact,  ttiat  tbew  are  intentiooallj  eccentric. 


:  ,  l^iDtl'^lc 


observe  the  planet  whose  centre  really  lies  at  u,  to 
lie  on  different  pointa,  m  and  m'  of  the  celestial 
sphere.  Then  this  arc  m  m',  if  measured  accurately, 
would  at  once  give  the  actual  displacement  of  Mara 
corresponding  to  the  distance  fi  e'  between  the  ob- 
servers ;  for  though  in  the  figure  m  m'  is  closer  to  M 
than  to  B,  yet  in  reality  the  celestial  sphere  on  which 
we  thus  estimate  the  place  of  Mare  may  be  regarded 
as  infinitely  far  oft^  so  that  u  £  is  as  a  mere  point  at 
the  centre  of  this  sphere;  and  therefore  the  arc  m  wi', 
as  estimated  from  the  Earth,  is  precisely  the  same 
as  though  it  were  estimated  from  M,— -or,  in  other 
words,  this  arc  measurea  the  angle  m  M  m'  and  there- 
fore the  equal  angle  e  h  e/     Thus  we  learn  at  once 


the  angle  E  h  e',  and  as  we  know  the  base-line  e  e', 
we  deduce  the  distance  e  m  by  a  very  simple  pro- 
cess of  calculation. 

But  what  is  essential  to  the  accuracy  of  the  result 
is  that  the  arc  m  m'  should  be  accurately  measured. 
Whatever  error  we  make  in  this  measurement  will 
produce  a  proportionate  error  in  our  final  estimate  of 
the  distance  of  Mars. 

Now,  if  there  were  no  stars  in  the  background  of 
the  heavens  it  would  be  absolutely  impossible  to 
measure  m  m'  as  accurately  as  our  purpose  requires. 
The  problem  would  be  quite  as  hopeless  as  the  attempt 
to  measure  the   Sun's  distance  by  a  similar  process. 
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But  the  presence  of  stars  upon  the  celestial  vault,  and 
the  certtuDty  which  the  astronomer  possesses  that  these 
stars  are  at  a  distance  incomparably  exceeding  that  of 
Mara,  make  the  measurement  of  this  arc  m  m'  feasible. 
The  stars  serve  as  index-points.  In  fig.  9  for  example, 
a  star  is  supposed  to  be  placed  at  0;  now  while  it 
would  be  hopeless  for  an  astronomer  to  attempt  to 
determine  the  direction  of  either  line  e  h  or  e'  h'  in 
space,  without  reference  to  any  star,  it  is  quite  easy  to 
measure  the  area  m  »  and  m'  »  with  a  very  considerable 
degree  of  accuracy,  and  so  to  determine  the  difference 
mm'.* 

And  here  one  point  in  which  the  modem  posseesee 
an  enormous  advantage  over  the  ancient  astronomer, 
lies  in  the  fact  that  spaces  on  the  heavens  which  are 
blank,  so  far  as  naked  eye  vision  is  concerned,  are 
shown  by  the  powers  of  the  telescope  to  be  occupied 
by  multitudes  of  minute  stars, — and  the  minutest  star 
serves  quite  as  well  as  a  large  star  for  such  observar-' 
tjons  as  we  are  here  considering.  So  that  the  astrono- 
mer need  be  under  no  anxiety  lest  Mars,  during  the 
period  when  he  is  nearest  to  us,  should  approach  no 

*  Hsre  I  hitTe  inippo8«d  «,  )n,and  m'  to  lia  aUon  the  ume  ai^  which 
of  «mne  irould  Dot  ordinarily  be  the  cue.  It  ia  easily  seen,  howerer, 
that  it  &11b  quite  vithiii  the  eeope  and  beariiig  of  ordiDary  utronomicsl 
obwrvfttiou,  U>  mtMim  not  only  tb«  diataneei  bat  the  bearingt  of  m 
and  n'  bom  t,  and  lo, — two  sides  and  an  included  angle  of  the  triangle 
I  m  n'  being  determined, — to  determine  the  thiid  side  vivi.  I  may 
notice  hen  in  passing  that  quite  a  Isige  proportion  of  the  details  in- 
Tolred  in  the  Tarioua  procesies  applied  u>  the  problem  considered  in 
tbia  chapter  are  necessarily  left  ontouehed,  or  are  barely  mentioned. 
A  Tolnme  mnch  larger  than  the  preMnt  would  be  required  to  exhibit 
thtse  detail*  In  hll  and  In  all  their  bearings. 
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star  near  enough  to  render  the  required  measurements 
effective. 

So  soon  as  the  distance  of  Mars  has  been  calculated 
the  distance  of  the  Sun  can  be  determined  by  the 
application  of  Kepler's  third  law.  There  is  a  pre- 
liminary process  depending  on  tlie  circumstance  that 
s  B  and  B  u  are  not  the  mean  distances  of  the  Earth 
and  Mars ;  but  this  process  is  perfectly  simple,  since 
observation  has  shown  what  is  the  true  figure  of  each 
orbit.  Thus  Kepler's  third  law  by  showing  us  the 
exact  relation  between  the  mean  distances,  shows  us 
the  exact  relation  between  s  h  and  8  e  ;  and  therefore 
between  E  m  and  s  g. 

The  plan  here  described -was  the  first  from  which 
astronomers  obtained  any  satisfactory  estimate  of  the 
Sun's  enormous  distance.  Kepler,  after  a  careful 
study  of  Tycho  Brahe's  observations  of  Mars,  had 
already  confidently  stated  that  the  Sun's  parallax  is 
not  greater  than  1'  (or  in  other  words  that  the  Sun's 
distance  is  not  less  than  13^  millions  of  miles).  But 
Tycho  Brahe's  observattons  were  such  as  we  should 
now  call  alt<^etber  rough.  Cassini  proposed  and 
carried  out  a  much  more  exact  series  of  observations. 
At  his  suggestion  the  Paris  Academy  of  Sciences  sent 
Bicher  to  Cayenne,  while  Cassini  himself,  Bomer, 
and  Picard,  observed  Mars  at  different  French  stations. 
The  parallax  of  Mara  was  indeed  not  measured,  for 
the  instrumental  means  of  the  observers  were  insuffi- 
cient. But  Cassini  calculated  that  if  the  parallax  hod 
exceeded  25"  the  means  employed  ought  to  have 
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exhibited  its  effects,  A  paritllaz  of  25"  in  the  case  of 
Mare  (situated  as  when  Cassini's  observations  were 
made)  corresponds  to  a  solar  parallax  of  10".  Casaim 
expreaaed  his  conviction  that  the  solar  parallax  is  not 
greater  than  9"-  5 — in  other  words,  that  the  Sun's 
distance  is  not  less  than  65,500,000  miles. 

The  next  application  of  this  method  involved  the 
comparison  of  observations  made  by  Lacaille  at  the 
Cape  of  Good  Hope  and  hy  several  astronomers  at 
different  European  stations.  The  parallax  deduced 
was  10",  corresponding  to  a  distance  of  62,000,000 
miles. 

I  shall  presently  have  occasion  to  mention  other  and 
much  more  trustworthy  results  obtained  by  this  method 
in  recent  times,*  For  the  present,  however,  I  pass  on 
to  other  methods. 

The  path  of  Venus  lies  even  nearer  to  the  earth's 
orbit  than  that  of  Mars  does.     Fig.  10  represents  the 

*  It  vigfat  Kem  tlut  u  Man  comes  into  oppmitioa  at  iiit«rv«ls 
■Tsngiiig  abont  7S0  d^B,  the  method  ooold  be  applied  frequently,  and 
•0  the  remit*  dne  to  it  oonld  be  rapidly  improTed  npon.  As  a  matter 
of  &ct,  howerer,  only  tboee  obserrMiona  made  vfaen^lan  U  in  oppoej- 
tion  near  .penhelioD  ace  of  Mrrics.  From  flg.  8,  it  will  be  aeen  that 
faTDOiabla  0[^>ortaDitiea  do  not  oonii  at  Bhort  interTala.  Hie  figure 
■taom  the  mcceniTe  ooi^unctiDa-lines  of  the  Earth  and  Han  between 
Ihe  jnra  1866  and  18TI.  It  ia  lem  that  only  the  coqjiuictiDna  of 
1860  and  1SS2  ate  foToniable,  and  fAaaa  not  ao  near  aa  they  should  be 
to  perihelion.  (The  wide  distance*  leparatiog  caqjunctiou'linee  xa  this 
ne^botufaood  aa  compued  with  the  opposite,  are  dne  to  the  relatirely 
rapid  motion  of  Hart  near  perihelion.)  The  opposition  of  1877  will 
be  exceptionally  faroorable,  aa  the  eoqJuDction-line  will  fall  nearly 
nidway  between  thoae  of  18S0  and  t8S2.  It  u  neceiaary  for  me  to  re- 
mark that  fig.  8  i*  copied  from  a  drawing  of  mj  own,  illustrating  a  paper 
intheBipit^  &M»M  AniinD  for  JanuacylSOT.   Hr. Lockyer  haa copied 
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relation  between  the  orbit«  e  e  and  V  u  of  the  earth 
and  VenuB ;  a  T"  as  before  vepreaenting  the  line  from 
vhich  astronomers  measure  the  motions  of  the  planets 
round  the  Sun.  It  will  be  seen  by  compaiing  fig.  8 
with  fig.  10  that  when  the  Earth  and  Venus  are  in  con- 
junction as  at  E  and  v,  the  distance  separating  them 
bears  a  smaller  proportion  to  the  Earth's  mean  distance 
from  the  Sun,  than  that  separating  the  Earth  and  Mars 
Fio.  10. 


when  in  conjunction.  But  then  there  is  a  circumstance 
in  which  Venus  is  less  favourable  for  the  purpose  of 
astronomers  than  Mars.  When  the  Earth  and  Mars 
are  in  conjunctioQ  as  at  E  and  sr,  fig.  8,  the  sun  is  on 
the  opposite  side  of  the  earth,  and  so  Mars  is  seen  on  a 
dark  sky ;  but  when  Venus  and  the  Earth  are  in  con- 

this  drawing,  with  additions  derived  from  my  chartB  of  the  plonetorj 
orbits,  at  page  189  of  his  ElenKnlary  Laaont  in  Aitronomy.  To  this  I 
of  course  make  no  objection  whatever,  as  such  drawings  are  meant  to  be 
copied.  Onlj  Bs  he  has  omitted  to  refer  the  drawings  to  ne,  1  am 
debarred  from  using  mj  own  work  withoot  showing  my  title  to  it.  A 
simiUr  remark  applies  to  the  figure  at  p.  184  of  Mr.  Lockyer's  work, 
and  to  certain  considerable  portions  of  the  letter-ptesa. 
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JTinction,  as  in  fig.  10,  Venus  liea  directly  towards  the 
Sun,  and  even  thougli  visible  (in  powerful  telescopea), 
jet  is  seen  under  very  unfavourable  conditions.  The 
background  of  the  sky  is  bright,  and  none  but  the  chief 
stars  can  he  discerned,  unless  the  telescope  is  very 
large  and  powerful,  in  which  case  it  is  not  so  well 
adapted  as  a  more  manageable  one  would  be,  for  the 
class  of  observations  required.  Even  the  leading  stars 
are  but  faintly  seen ;  and  as  Venus  may  not  lie  near 
any  of  them,  the  kind  of  measurement  which  was  avail- 
able in  the  case  of  Mars  becomes  too  precarious  for  Hie 
purpose  of  determining  any  parallactic  displacement  of 
the  planet 

Hence  the  direct  observation  of  Venus,  when  near- 
est to  US,  after  the  manner  applied  to  Mars,  is  not  a  . 
very  valuable  method  of  determining  the  Sun's  dis- 
tance. It  may  yet  be  applied  successfully  (according 
to  the  plan  proposed  in  1848  by  Dr.  Gerling  of  Mai^ 
burg) ;  but  even  if  it  should,  the  method  now  to  be 
considered  is  preferable. 

When  Venus,  and  the  Earth  are  in  conjunction,  she 
is  not  commonly  on  a  direct  line  between  the  Earth  and 
the  San.  She  would  be  so,  if  the  path  v  v*  r  lay  ia  the 
same  level  with  the  path  £  e'  e ;  but  this  is  not  the 
case.  If  we  suppose  the  path  &  e'  e  to  lie  in  the  plane 
of  the  paper,  then  the  path  t  v*  w'  must  be  supposed  to 
intersect  that  plane  in  the  line  v'  v'  the  half  of  p'  v  V 
lying  slightly  below  the  plane  of  the  paper,  and  the 
half  v'  tf  i/  slightly  above,  the  short  lines  near  r  and  v 
showing  the  greatest  amount  of  separation  between  the 
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two  plaoeB  OD  account  of  this  tilt.  Hence,  unlesa  the 
conjunction  happen  to  take  place  when  Venus  is  at  t' 
or  v',  Venus  will  not  be  on  a  direct  line  joining  the 
Earth  and  the  Sun.  Bat  when  Venus  is  within  a  cer- 
tain distance  of  these  two  points," — the  nodes  of  her 

*  It  U  mj  to  calculute  how  near  V^coa  mait  Iw  to  ft  node  in  onlei 
tbtt  ihe  ni>7  b«  viiible  on  the  Son's  diic  The  eitnme  limits  will  ba 
thote  coireapanding  to  the  cue  vheo  the  din:  of  Vecna  ai  ssen  from  all 
the  Earth  Bave  one  point  oolj,  lies  outside  the  Soo'e  disc,  bnt  sa  wen 
from  that  one  point  jnet  tonches  the  disc  on  the  ontside.  Further,  on 
MCOVDt  of  the  ellipticitir  of  the  two  orbit*,  the  exact  aitent  of  these  limits 
will  be  different  far  coqjunctioDi  occurringwhen  Venus  is  at  Vand  sti/. 
To  estimate  these  limits  strictly,  the  exact  ralues  of  the  distances  of 
Venus  and  the  Earth  from  the  Sun  vhen  in  longitude*  conesponding  to 
B  e'  and  I «'  may  be  taken  &om  the  yduticai  Jlma»ae,  and  comlnned  with 
the  estimated  diameter  of  Venus.  The  fbrmulu  to  be  used  are  soffi- 
fiently  simplo,  and  will  occar  at  once  to  the  mathematical  reader, — or 
may  be  deduced  fe)m  my  paper  on  the  transit  of  Venns  in  the  Monthly 
Notices  of  the  Astronomical  Society  for  Maich  1B99  (toL  izii.).  But 
for  our  present  porpose  such  exactitude  is  not  needed.  It  may  be  well, 
howBTsr,  to  determine  in  a  geneml  way  the  Umils.iii  question ;  for  wbicli 
purpose  we  may  assume  that  no  transit  need  be  considered  in  which  the 
line  joining  the  centres  of  Venus  and  the  Earth  does  not  meet  the  Sun. 
Hence,  Venu*  tnnst  not  hare  a  greater  geocentric  latitude  than  the  Son's 
apparent  semi -diameter.  Now  the  diatanee  of  Venus  from  the  Earth,  and 
when  she  is  in  inferior  coi^unctioQ,  is  to  the  Earth's  distance  from  tlM 
Snn  OS  277  to  1,000.  So  that  when  her  apparent  latitude  is  equal  to  16' 
(which  we  may  take  as  the  Sun'*  semi-diameter]  her  heliocenlnc  latitude  ia 
to  Iff  as  277  to  728,  or  ia  about  6''1.  The  inclination  of  her  orbit  being 
8°  24',  or  20t',  it  is  easily  calculated  that  the  must  be  within  about  1|<* 
of  a  node,  at  the  q>och  of  inferior  coqjnnetion,  in  order  that  a  transit 
msy  occur.  Thns  at  each  node  there  is  an  arc  of  about  3^°  along  any 
port  of  which  Venus,  if  in  inferior  coi^unction,  will  be  prqectad  on 
the  Sun's  dise ;  and  aa  there  are  two  nodes,  th«  total  range  out  of  the 
360°  of  her  orbit  along  which  transits  can  occur,  is  about  6f° ,  or  a  fi4th 
part  of  the, whole.  Hence,  on  the  avenge  there  will  be  one  transit  in 
54  MigajMtione,  and  oa  coDJnnctions  occur  at  aTsrage  interral*  of 
SB3'920  days,  there  will  be  on  the  average  one  transit  in  80^  yMn. 
Bnt  thie  aTsrage  would  only  correipond  to  the  cose  when  a  vecy  laiga 
number  of  conjunctions  wbi  coniidsitd. 
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orbit,  as  they  are  called, — she  will  be  so  nearly  on  the 
line  joining  the  Earth  and  the  Sun,  that  as  seen  from 
the  Earth  she  will  appear  on  the  Sun's  disc. 

Now  when  a  conjunction  of  this  sort  takes  place,  the 
obserration  ofVenus's  apparent  place  is  rendered  much 
easier,  since  the  disc  of  the  Sun  forms  a  sort  of  index- 
plate,  as  it  were,  on  which  we  can  estimate  her  position. 
So  that  if  Venus's  distance  is  to  be  determined  at  all 
from  observations  of  her  parallactic  dieplacement  as 
seen  from  different  parts  of  the  Earth's  surface,  it  is 
clear  that  the  proper  time  for  attacking  the  problem  is 
when  Venus  is  in  transit 


==^*^ 


=t^ 


Let  us  see,  however,  how  this  may  be  most  effectually 
contrived. 

Suppose  that  as  seen  firom  the  point  e  (fig.  1 1 )  on 
the  Earth  at  any  moment  Venus  (v)  is  seen  as  at  v  on 
the  Sun's  disc;  whereas  as  seen  from  b'  she  appears 
to  be  at  v'.  Then  it  seems  at  first  sight  as  though 
nothing  could  be  simpler  than  to  determine  the  distance 
V  jf;  and  then  having  the  arc  v  v'  and  the  length  of  the 
base  line  e  e'  we  could  at  once  determine  the  distance 
of  VenuB.  For  »  r'  is  the  arc  between  two  lines  from 
Venus  containing  the  angle  t>  v  i/,  which  is  equal  to 
B  r  b'.  So  Hiat  we  know  the  angle  B  T  e'.  For 
example,  if  the  arc  v  v'  were  shown  to  be  thirty-five 
seconds  as  seen  from  the  Earth,  then  the  angle  f  T  t/ 
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would  be  greater  (because  v  is  oearer  to  v  v'  than  e  is) 
in  the  proportion  of  e  «  to  t;  V,  or  roughly  as  7  to  5, 
BO  that  the  angle  v  t  v'  (or  e  r  £')  is  an  angle  of  about 
forty-nine  seconds.  Now  suppose  that  the  stations  e,  e', 
are  so  placed  on  the  Earth's  surface  that  the  base  line 
E  e'  is  known  to  be  about  6,000  miles  in  length;  then 
the  distance  £  T  exceeds  6,000  miles  in  the  proportion 
that  the  radius  of  an  arc  of  forty-nine  seconds  exceeds 
that  arc,  or  roughly  as  4,200  to  1.  Hence  b  t  is  about 
25,200,000  miles,  and  E  s  exceeds  this  distauce  in  the 
proportion  of  about  7  to  2,  or  comes  out  equal  to  nearly 
90,000,000  miles. 

But  for  many  reasons  this  direct  method  of  solving 
the  problem  of  the  Sun's  distance  has  not  been  hitherto 
applied.  In  the  first  place  it  is  absolutely  necessary 
that  the  observations  made  at  e  and  £'  should  either 
be  made  exactly  at  the  same  moment,  or  that  the 
difference  of  time  should  be  exactly  known,  bo  that  the 
two  observations  may  be  fairly  compared  together. 
But  for  this  purpose  we  must  know  the  exact  position 
of  the  stations  e  and  e'  on  the  Earth,  so  as  to  be  able 
from  the  apparent  time  at  these  stations  to  infer  the  true 
time  at  Greenwich  or  some  other  fixed  station^  It  is 
easily  seen  that  a  very  slight  error  in  the  determination 
of  the  longitude  of  either  station  would  make  the  whole 
series  of  obaerrationB  useless.  For  example,  suppose 
the  observer  at  e  recorded  the  place  of  Venus  on  the 
Sun's  disc  at  apparent  noon  for  his  station ;  and  that 
the  longitude  of  the  station  was  supposed  to  be  such 
that  this  epoch  corresponded  exactly  with  the  epoch 
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vhen  the  obserrer  at  e'  recorded  the  Son's  position. 
Then  if  the  supposition  were  correct,  the  above  process 
would  be  available.  But  if  E  were  ten  or  twelve  miles 
to  Uie  east  of  the  supposed  longitude,  apparent  noon 
would  occur  a  minute  or  bo*  earlier  than  at  a  place  in 
that  longitude.  But,  in  one  minute,  Venus,  as  seen  in 
transit,  moves  over  an  arc  of  about  two  seconds  on  the 
Sun's  face,  so  that  the  observer  at  s.  noting  her  place  a 
minute  or  so  too  soon  (w  &r  as  the  comparison  with 
the  other  observer's  record  is  concerned)  would  set  her 
two  seconds  of  arc  out  of  place.  But  our  problem  is  one 
in  which  seconds  of  arc  are  all-important. 

But  this  is  not  alL  The  determination  of  the  exact 
place  of  Venus  on  the  Sun's  disc  at  any  epoch  would  be 
a  matt«r  of  extreme  difficulty.  It  would  be  necessary 
to  determine,  not  merely  ber  distance  from  the  Sun's 
centre,  but  her  bearing  from  that  point,  and  a  very 
slight  error  in  either  determination  would  (in  so  delicate 
an  inquiry)  cause  a  considerable  error  in  the  determi- 
nation of  the  Sun's  distance.  There  is,  indeed,  a  way 
of  getting  over  this  difficulty  which  I  touch  upon  in 
appendix  A ;  but  though  it  gives,  in  my  opinion,  the 
ver^-  best  method  of  determining  the  Sun's  distance  now 
available  to  us,  it  requires  (as  will  be  seen)  a  prelimi- 
nary knowledge  which  was  not  possessed  when  the 
observation  of  Venus  in  transit  was  first  proposed  as  a 
means  for  solving  the  problem  we  are  upon. 

Accordingly  Halley  proposed  (in  1716)  a  plan  for 
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evading  the  observational  difBculties.  He  euggested, 
that  instead  of  attempting  to  estimate  the  position  of 
Venus  on  the  Sun's  disc  at  uiy  moment,  the  observers 
at  two  stations  such  as  &  and  £',  Bhould  time  the 
pasBBge  of  Venus  along  her  chord  of  transit.  Neglect- 
ing for  a  moment  the  consideration  of  the  Earth's  rota^ 
tion,  Venus  would  seem  to  the  observer  at  £  to  describe 
such  a  path  as  /  v  m,  while  to  the  observer  at  e'  she 
would  seem  to  describe  such  a  path  a&T  v'  m'.  Now  if 
we  know  the  length  of  time  she  takes  in  describing 
these  chords,  we  know  the  length  of  the  chords,  since 
the  rate  of  Venus's  motioa  across  the  Sun's  disc  (the 
same  of  course  for  both  stations  on  the  assumption 
that  the  Earth  is  not  rotating)  is  known  from  the  tables 
independently  of  her  actual  distance.  Hence  it  is  a 
very  simple  problem  in  geometry  to  determine  the 
distance  separating  the  chords  I  m  and  f  m',  and  thence 
as  in  the  former  case  to  determine  the  Stance  of 
Venus,  and  so  that  of  the  Sun. 

Nor  does  the  fact  that  the  Earth  is  rotating  prevent 
us  from  applying  this  method;  though  it  causes  the 
problem  to  be  somewhat  more  complicated.  Venus  in 
fact  does  not  describe  quite  a  straight  chord  across  the 
sun  as  seen  from  any  station ;  nor  does  she  move  quite 
uniformly  ;  nor  agtun  is  her  rate  of  motion  across  the 
Sun's  face  exactly  the  same  as  seen  from  different 
stations.  But  all  these  points  are  such  as  the  astrono- 
mer is  quite  accustomed  to  take  into  account,  nor  do 
they  in  themselves  detract  one  whit  from  the  certainty 
with  which  Halley's  method  can  be  applied. 
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But  there  is  oae  effect  of  the  Earth's  rotation  which 
baa  to  he  very  carefully  considered  in  weighiDg  the  value 
of  Halley's  method.  It  is  absolutely  ueceaaarj  (^ce 
the  duration  of  the  transit  is  to  he  timed)  that  at  each 
Btation  the  beginning  and  end  of  the  transit  should  be 
visible.  Now  a  transit  may  last  a  considerable  time — 
as  long  indeed  as  eight  hours ;  and  it  may  not  always 
be  easy  to  find  two  stations — one  far  to  the  north,  and 
the  other  far  to  the  south,  at  each  of  which  both  the 
b^iniiing  and  end  of  the  transit  will  be  favourably 
seen.  For  it  must  be  remembered  that  a  large  part 
of  the  Earth  is  unfitted  for  the  observer's  purposes.  "We 
must  not  place  our  observers  on  the  open  sea,  nor  in 
regions  where  bad  weather  ordinarily  prevails.  And 
this  question  of  the  weatber  is  in  itself  a  great  difficulty. 
For  transits  of  Venus  can  only  occur  in  December  op  in 
June,  as  is  obvious  from  a  consideration  of  fig.  10,  where 
£'  and  ^ — the  points  near  which  the  Earth  must  be 
that  Venus  in  conjunction  may  be  near  a  node — corres- 
pond to  the  Earth's  position  on  about  December  8  and 
June  6.  Kow,  at  a  northern  station  in  June,  or  at  a 
southern  station  in  December,  fair  weather  may  be  com;- 
nooly  expected,  but  the  reverse  holds  as  respects  the 
northern  station  in  a  December  transit,  and  the  south- 
ern station  in  a  June  transit.  So  that  the  difficulty 
of  finding  two  stations,  one  northern  the  other  southern, 
both  well  suited  for  observing  both  the  beginning  and 
end  of  the  transits,  and  at  botii  of  which  there  is  a  fair 
prospect  of  clear  weather  at  both  epochs,  is  a  very 
serious  one. 
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In  Appendix  A  we  Bh&ll  see  more  about  the  circimi- 
etances  here  considered,  which  it  will  be  understood 
are  not  such,  ordinarily,  as  to  prevent  Halley's  method 
irom  being  applied,  though  they  call  for  the  most 
cautious  exercise  of  judgment  in  the  selection  of 
stations  for  the  purpose.  At  present  it  suffices  to  say 
that  the  difficulty  led  Delisle,  in  anticipation  of  the 
transit  of  Venus  in  1761,  to  propose  another  method. 

fieverting  to  fig.  11,  it  will  be  clear  that  as  t  mores 

onward  in  the  direction  of  the  arrow*  the  time  must 

come  when  the  transit  is  just  beginning  at  some  point 

Fio.  12. 


on  the  Earth's  surface,  from  whence  the  first  view  (as  it 
were)  is  obtained  of  Venus  in  transit.  Some  interval 
must  elapse  before  the  transit  has  begun  for  the  whole 
Earth — or  at  least  for  all  that  hemisphere  which  is 
turned  towards  the  Sun.  And  at  some  point  on  the 
Earth's  surfece — which  will  clearly  be  nearly  opposite 
the  point  just  referred  to — the  transit  will  seem  to  begin 
later  than  at  any  other  station.  Now,  neglecting  matters 
of  detail,  and  considering  Venus  as  a  point  for  the 
moment,  we  may  reason  in  this  way  on  observationa  of 
the  kind  considered ; — 

■  We  Buppoae  tbeEBfthatTeEti'Or — vtuchUthe  wmetliiiig — ooDdder 
onljTenni'i  motion  relativel;  to  ft  line  coosUntl;  joining  the  cantree 
the  Sun  and  Ewtii. 
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Sappose  Venus  at  T'(fig.  12)  when  the  transit  first 
begins,  so  that  a  line  e  t  J  just  touches  both  the  Earth 
and  Stm,  and  that  Venus  is  at  V  when  the  transit  has 
began  for  the  whole  Earth,  so  that  e'  V  «  just  touches 
botli  the  Earth  and  Sun.  Then  we  know  the  length  of 
E  tf,  and  therefore  we  know  the  length  of  v  V  which 
is  less  than  &  e'  in  the  proportion  before  used,  of  . 
about  five  to  seven.  We  also  know  exactly  how  long 
Venus  has  taken  to  traverse  this  arc  y  t',  and  there- 
fore, since  we  know  how  long  she  takes  to  complete  the 
circuit  of  her  orbit,  we  know  what  proportion  the  known 
length  T  t'  bears  to  the  circumference  of  her  orbit. 
This  gives  the  circumference,  and  thence  the  radius  of 
her  orbit,  whence,  as  before,  we  learn  the  radius  of 
the  Earth's  orbit. 

Here  we  have  supposed  the  Earth  at  rest.  But  as 
the  motions  both  i£  the  Earth  and  Venus  are  known, 
the  relative  motion  of  Venus  is  known,  and  so  the 
conditions  of  the  problem  are  as  fully  ascertained  as  in 
the  simpler  case  actually  dealt  with. 

We  thus  see  that  the  phenomena  presented  at  the 
conunencement  of  the  transit  are  sufficient  for  deter- 
mining the  Sun's  distance.  So  also  are  the  phenomena 
presented  at  the  end  of  the  transit ;  Eonce  it  is  obvious 
that  as  Venus  passes  from  tt  to  v'  similar  relations  will 
be  presented,  but  in  a  contrary  order. 

All  that  is  required,  then,  for  a  successful  application 
of  Delisle's  method  is  that  one  observer  should  have  a 
favourable  view  of  the  conunencranent  (or  end)  of  the 
transit  from  some  place  on  the  Earth  where  the  transit 
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begins  (or  eads)  oearl;  at  the  earliest,  and  that  another 
should  obtain  a  favourable  view  of  the  same  phase  at 
some  place  where  the  transit  begins  (or  ends  as  the  case 
may  be)  nearly  at  the  latest.  Both  observers  must 
time  the  commencement  (or  end)  of  the  transit  most 
carefully.  Then  to  compare  the  two  observations,  in 
order  to  tell  the  absolute  interval  of  time  between  the 
two,  we  must  know  the  exact  longitude  of  the  two 
places ;  for  the  observations  will  of  course  be  referred 
to  local  time,  so  that  in  order  to  compare  them,  we 
must  refer  them  to  Bome  standard  time,  as  that  of 
Greenwich  or  Paris. 

Here,  then,  are  the  difficulties  in  Delisle's  method : 
unless  the  longitude  of  each  station  is  accurately  known, 
and  furthermore,  the  exact  local  time  at  which  transit 
begins  or  ends,  the  determination  of  the  Sun's  distance 
will  be  inexact.  As  respects  the  former  point  there 
is  litUe  difficulty,  only  the  observers  must  stay  some 
time  at  their  respective  stations,  making  suitable  ob- 
servations to  determine  the  longitude  of  the  station. 
This  can  be  done  either  before  or  after  the  transit  aa 
may  be  convenient  Bat  as  respects  the  determination 
of  the  local  time  at  which  the  transit  begins  (or  ends 
as  the  case  may  be),  there  will  be  a  difficult  if  bad 
weather  precede  and  follow  the  epoch  at  which  the 
phase  occurs.  For  we  can  only  determine  local  time 
exactiy  when  the  weather  is  clear,  so  tliat  we  can 
make  suitable  observations  on  the  stars ;  and  during 
a  few  days  of  cloudy  weather,  the  best  astronomical 
time-pieces   will  get  a  second   or   two    wrong.      In 
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Halley's  method  the  clock  may  be  altogether  wrong, 
yet  if  ita  rate  be  fairly  good,  the  duration  of  the  transit 
will  be  accurately  determined ;  but  in  Delisle's  the 
clock  must  show  absolutely  correct  time. 

Here  again,  however,  the  difficulties,  bo  far  from 
being  insuperable,  are  only  such  as  astronomers  are  in 
the  habit  of  dealiiig  with  and  mastering. 

Both  methods  were  applied  during  the  two  transits 
of  the  eighteenth  century.  Of  these  one  took  place  in 
June  1761,  and  the  other  in  June  1769.  Both  occur- 
ring during  the  summer  of  the  northern  hemisphere, 
the  Earth's  northern  pole  was  bowed  towards  the  Sun ; 
and  in  this  respect  the  circumstances  of  the  transits 
di£fered  importantly  from  those  of  the  ttsn^ts  whidi 
are  to  occur  in  1874  and  1882,  for  both  these  will  take 
place  in  December,  when  the  southern  pole  of  the 
Karth  is  bowed  towards  the  Sun. 
■  The  transit  of  1761  was  not  observed  in  a  very 
satisfactory  manner.  It  was  a  transit  for  the  observation 
of  which  DeUsle's  method  was  somewhat  better  suited 
l^ian  Halley's,*  and  the  astronomers  of  the  eighteenth 

*  It  ia  voitli;  of  notice  that  in  die  case  at  tiro  tnosilfl  eepuisted  by 
an  interral  of  eight  jnira,  the  former  ie  commonl;  b«t  suited  for 
IWuIe's  method,  the  latter  for  EaUej'B.  Both  the  naneitB  viU  occur 
at  the  same  naaon,  that  ii,  Teniu  vill  either  be  near  ber  ascending 
node  at  both  tnuuila,  or  near  her  descending  node  at  both.  For  an 
iutArral  of  eight  years  coiraipondB  almost  exactly  to  thirteen  rerolutionB 
of  Venus,  so  that,  supposing  Venos  naar  a  node  vhen  in  inferior  con- 
junction, she  irill  be  near  her  node  at  the  coignnction  occurring  eight 
jean  later  (or  after  Stb  sjnodical  levolntions).  Nor,  it  so  happens, 
that  the  line  of  these  suoceasiTe  coi^unctions  in  the  same  neighbourhood 
continDally  rsgtades  round  the  scliptjc,  one  interTsl  being  in  fkct  about  3^ 
dajB  leas  than  eight  jcAti.   Thns  thelatitode  of  Venus  at  BDCcessiTC  eight 
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century  were  not  so  well  prepared  to  deal  with  tbe 
difficulties  of  that  method  as  those  of  our  time  will 

jsarlycoiunQcdoiii  dmt  koode  differs  bjthe  amoaut  of  Tbdos's  motian 
ia  latitude  (ne&r  &  node)  in  the  comae  of  2^  days.  Thui  the  ftppaient 
path  of  Venus  bciosb  the  9nu'i  disc  would  (as  Buppowd  to  be  seen  from 
tbe  Earth's  centre)  be  oe  I  1,  2  2,  fig.  13  (i),  when  she  is  near  her 
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riuDg  nods  or  -when  both  the  tnnuta 
4  i,  fig.  13  (n),  when  i^  ii  at  a  deacending  node,  or  when  both  tha 
tnnsits  aie  June  ones.  [The  distance  between  1,  I  and  2,  2 — and  be- 
tween 8,  3  and  4,  4,  would  be  ahotit  that  ahown  in  the  flgnre,  uid  the 
■lope  with  leference  to  the  ecliptic  ii  of  couraa  the  Bame'(appn>zinat«lT) 
in  all  trantiU.  But  the  pair  of  lines  maj  hare  aaj  poaitjoD  wbU«rei 
M  respecte  distance  from  the  Sun's  centra.  Now.  if  either  line  in  either 
figure  falls  Tei;  near  the  cealre  of  the  Sun's  disc  the  other  will  not  bill 
on  the  Sun,  and  thpre  will  he  onl;  one  transit  during  thoM  jears  when 
this  coDJnnctJon  is  tiaTelling  pait  the  node.  This  will  happen  in  no 
inconsiderable  propordoa  of  these  passagea — a  oiiciunstaDee  reqoiring 
notice  becanse  otu  treatises  on  attrouomy  commonly  assert  that  transits 
of  YenoB  occur  at  successiTe  intervalB  of  S,  121  j,  8, 106^,  S,  121},  &c. 
years,  which  is  far  from  being  strictly  coFr«ct.  In  fact,  instead  of  two 
tranaita  oomning  at  every  anoh  passsge,  rery  nearly  half  the  passages 
wonid  supply  only  one  transit.  The  list  in  I^landa'a  astionomy  is 
wholly  untmstworthj  in  this  respect,  as  any  one  will  find  who  will  cal- 
culate the  disCaucee  of  Ventis  from  her  nodei  at  ths  coqjunetions 
referred  to  in  that  list]  To  resume; — Taking  the  case  of  Ilecember 
transits  illustrated  by  fig.  13,  we  see  that  at  the  first  transit  when  the 
path  ia  as  1,  I,  the  northern  station  from  which  the  path  wiU  appear 
lowest  down  on  the  Sun's  disc,  will  giTe  the  loi^:eet  interral;  and  the 
adraatage  of  applying  Bailey's  method  will  depend  on  the  greatnesi  of 
this  interval  as  compared  with  the  shorter  interral  during  which  the  tran- 
sit lasts  as  seen  from  aome  aoutbem  station.  Now  the  Earth  ia  rotating, 
and  tbe  ^ect  of  the  Earth's  rotation  eonndtrti  aione  ia  to  gire  Venus 
a  conUnual  slight  westerly  displacement  in  all  places  where  the  Sun  ia 
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prove  themselTes.  Yet  tlie  result  of  the  observations 
then  made,  which  were  interpreted  as  giving  a  solar 

moring  bota  eut  to  «r«tt — tlut  is,  at  all  places  save  tboM  cloae  b;  the 
■onth  pole,  at  which  the  Son  (being  above  the  honzon  all  dsj,  or  neatly 
■11  day),  moTee  thimi^  put  of  the  da;  from  wset  to  eoot.  Heaee  at 
DorUiera  statioiu,  where  Teniu'i  path  iilongeat,  she  U  haBtcned  on  her 
path  by  this  ireat«rlj  diiplaiMmeDt ;  &cd  ao  the  lengtheniiig  of  het 
period  of  tranait  is  diminiabed  nod  the  value  of  HaUej's  method  pro 
(onto  redaced.  At  aonlherD  itationa  the  ehortening  will  be  inereaaed 
at  plaeei  where  the  tRtnaJt  ocean  during  the  mid-da;  honrt,  and  dbnT- 
niahed  trtiere  the  tmnsit  occara  dnring  the  midnight  (Dominal)  hoim. 
But  at  tlia  former  atatjona  the  B[fiaient  path  of  Tenna  wiU  not  be 
thrown  ao  tax  aonth  aa  at  the  latter  j  ao  that  at  the  southern  atationa 
also  we  find  that  the  greateat  poe«ib!e  ehortening  due  to  paraJlai  c»ii- 
not  be  combined  with  an  additional  ahortening  due  to  the  Earth'a 
motioD  of  rotation.  But  at  the  aecond  tniuit  of  this  act — vhea  Tenua 
appean  to  fbllow  auch  a  path  aa  2,  2  (flg.  13),  the  Teverse  is  the  caae. 
At  the  northern  station  Venua'a  path  is  thrown  aoulhwarda  and  ao 
BhoTteued,  while  her  motion  actoss  the  Sod's  disc  is  baalened  (b;  the 
effects  of  the  Earth'a  rotation)  and  therefore  also  shortened ;  whereas  at 
the  aouthem  stations,  whtreVeDO^B  path  iamostlengthened,  her  motion 
acruas  the  Son's  face  is  retarded  and  so  lengthened.  Halley's  method  is 
then  applicable  nnder  the  most hvourableoonditionsfor  securing  a  eon- 
ndeiable  time-diflbrence.  Similarly,  it  may  be  shown  that  at  a  June 
tranait,  when  Tenna's  path  is  aa  3,  3  (the  first  of  a  pair),  Bailey's 
method  is  not  BO  favourably  applicable  aa  at  a  June  transit  when  her 
path  is  as  4,  4  (the  second  of  a  pair). 

TheoT^cally  this  is  just,  but  pmctieally,  especially  in  December 
tnnaita,  the  difficulty  of  securing  suitable  stationa  near  the  pole  which 
is  tamed  towards  the  Sun,  may  altogether  cbsJige  the  conditiotis.  As  a 
nutter  of  fact,  indeed,  the  approaching  tmneits  of  1874  and  188!  ani 
eiceptioDS  to  the  nle;  audi  have  been  able  to  demon  strata  that,  so  Car 
&om  HaUeyi  method  being  most  favonrably  applicable  in  1S8S  (as  the 
Astronomer-Royal  had  infsrrsd  &om  reaaaning  rea^mbling  the  above), 
thsie  ia  no  reasonable  chance  of  its  being  applied  at  oil  in  ISB2,  the 
only  two  aouthem  stations  where  it  is  possible  to  apply  the  method 
Ixiiig  such  that  the  Sun  will  be  barely  S°  above  the  horizon, — a  state  of 
Ihinga  preventing  all  azaet  obeerralion,  and  aasnredly  not  justifying 
expeditions  to  stations  ao  near  the  aonth  pole  that  the  observing  parties 
wmdd  inevitably  have  to  winter  there.  On  the  other  hand,  I  have  also 
been  able  to  demonstrate  that  HaUej's  method,  besides  all  the  advantages 
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parallax  of  8"'65,  coirespoDding  to  a  mean  distance  of 
about  94^00,000  miles,*  was  a  great  improTement  on 
any  before  obt^ned — and  better,  in  fact  (though  this 
was  due  to  chance),  than  that  dedaced  from  the  more 
complete  and  satisfactory  observations  made  in  1769. 

The  transit  of  June  1769  attracted  an  amount  of 
attention  both  in  England  and  on  the  Continent  which 
afforded  very  creditable  evidence  of  the  scientific  en- 
thusiasm of  the  men  of  the  last  century.  The  Royal 
Society  presented  a  memorial  to  King  George  IIL, 
requesting  that  a  vessel  might  be  fitted  out  at  Govern- 
ment expense  to  convey  skilful  observers  to  one  of  the 
stations  which  had  been  judged  suitable  for  observing 
the  pbeuomenon.  The  petition  was  complied  with, 
and  after  some  difficulty  as  to  the  choice  of  a  leader, 

arising  from  iU  simplicitj,  will  be  applicable  under  more  &TQiiiBble 
circumstaaceB  Uisn  DelisU'e,  in  IBT4.  It  u  necsuary  to  obseire  that 
there  i>  nothing  hjpoChetii^l  about  this  aandlaMoa.  Tb«  diSei'eiiee 
betreeo  my  ooncluaiona  and  those  before  adopted  arisaa  simply  ^m  my 
hariiig  t)tlt»D  into  muBidentioD  facts  vMob  bad  bean  (mistakenly) 
imagined  to  be  such  as  might  safely  be  neglected.  Since  m;  reanlCa 
were  published,  papers  by  Petera,  of  Altona,  and  by  Hansen,  the  eminent 
German  mathematician,  have  conftrmed  all  the  views  Ibad  insisted  upon. 
See  further.  Appendix  A. 

*  It  is  convenient  to  notice  tbti.  if  the  solar  parallax  were  10"  the 
distance  of  the  Sun  would  be  8l,T38,i20 ;  and  the  distance  correspond- 
ing to  any  other  valne  of  the  parallax  can  be  deduced  by  simply  dividing 
en,3Sl,a0O  by  the  number  expressing  sneb  panUax.  The  table  in 
Ferguson's  Aairtmomy,  complacently  quoted  in  Chamber's  Handbaoi, 
At  p.  S4S,  is  incorrei^  owing  to  the,0rroneon8  estimate  of  the  Earth's 
mean  diameter  on  which  the  table  is  based.  Oddly  enoogb,  Mr.  Cham- 
bers has  combined  the  correct  estimate  ibr  the  poratloi  at  present 
adopted,  with  Feiguson's  incorrect  values.  It  would  almost  appear  as 
though  the  figures  had  been  simply  quoted  without  being  tested  ii 
way,  were  not  sneh  an  idea  in      "" 
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the  ship  EndeaTonr,  of  370  tons  burden,  was  placed 
under  the  command  of  Captain  Cook.  Contitiental 
astronomei'a  also  betook  themseWeB  to  the  most  advan- 
ts^eouB  posts  for  observing  tbe  transit,  and  when  at 
length  Venus  came  between  the  Earth  and  the  Sun, 
her  arrival  and  paas^e  were  watched  by  observers  at 
WardhuB,  Kola,  and  Kajeneberg,  at  St.  Petersburg, 
Orenberg,  Yakutsk,  Pekin,  Manilla,  Batavia,  Otaheite, 
St.  Joseph  (in  California),  Kola,  Hudson's  Bay,  and 
other  well-chosen  statjons. 

Moat  of  the  observations  of  the  transit  were  well 
and  skilfully  conducted ;  hut  a  (nrcumstance,  which 
now  for  the  first  time  attracted  serious  attention, 
caused  a  certain  diflSculty  in  their  interpretation.  The 
observers  had  to  determine  the  exact  interval  of  time 
occupied  by  Venus  in  crossing  the  Sun's  disc — or  else 
in  certain  cases  the  exact  moment  of  time  when  she 
b^an  to  cross  the  solar  disc.  Now,  if  Venus  presented 
the  appearance  of  a  matdiematical  point,  the  observation 
would  be  simply  described  in  tlie  words  I  have  just 
used.  But  as  Venus  has  a  disc  of  appredable  dimen- 
sions, the  question  arises,  whether  the  commencement 
or  end  of  transit  shall  be  considered  with  reference  to 
the  moment  when  the  disc  of  Venus  just  touches  the 
Sun's  disc  on  the  outside,  or  to  the  moment  when  her 
disc  just  touches  hie  on  the  inside,  or,  finally,  to  the 
moment  when  her  centre  is  crossing  the  Sun's  edge. 
As  to  the  last  of  these  cases,  we  may  dismiss  it  at 
once  from  consideration,  because  no  observer,  however 
experienced,  could  pretend  to  determine  within  a  second 
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or  two  wlien  exactly  one  half  of  the  disc  of  VenuB  was 
upon  the  Sun's.  Either,  then,  the  observer  muBt  note 
when  VenuB  is,  as  at  a  (fig,  14),  just  touching  the  edge 
of  the  Sun's  disc,  a  s',  on  the  outside,  or,  as  at  b,  just 
touching  that  edge  (the  limb  as  astronomers  call  it)  on 
the  inside.  Now,  taking  the  case  of  ingress,  if  the 
obaerver  knew  exactly  where  Venus  would  h^in  to 
cross  the  Sun's  disc,  as  at  a,  and  very  nearly  the  true 
instant  of  such  ingress,  he  might,  if  the  weather  were 


very  favourable,  determine  within  a  second  or  two  the 
moment  when  the  uniformity  of  the  limb  B  a'  was 
marred  by  the  encroachment  of  the  diBc  of  Venus. 
But  as  a  matter  of  lact  neither  one  condition  nor  the 
oUier  is  fulfilled,  and  bo,  even  under  &Tourable  circum- 
stances of  weather,  he  might  not  detect  the  exact 
.  commencement  of  ingress.  Nor  is  this  all.  By  &tou^ 
able  weather,  I  mean  something  more  than  clear 
weather.  In  weather  which  seems  perfectly  clear  the 
telescopist  will  often  see  the  edge  of  the  Sun's  disc 
absolutely  rippled  through  the  efiects  of  atmospheric 
disturbance,  and  when  the  Sun  is  near  the  horizon, 
even  in  good  observing  weather,  the  outline  of  the 
disc  is  often  egregiously  disturbed.     Under  such  cir- 
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B  DothiDg  would  be  more  difficult  titan  to  as- 
si^  the  exact  moment  when  external  contact  took 
place.  But  thcBe  are  the  very  circumBtances  to  be 
looked  for  in  the  obBerrations  neceBBaiy  for  determin- 
ing the  Sun'a  distance.  The  Sun  mutt  be  low  down 
at  all  the  stations  most  suitable  (in  other  respects). 
For  Uie  essential  point  both  in  Halley's  method  and 
Delisle's — nayj  in  any  method  whatever  for  determin* 
ing  the  Sun's  parallax — is  that  two  observers  shall  be 
as  far  as  possible  from  each  other  on  the  illuminated 
hemisphere  of  the  .Earth ;  so  that  they  must  be  near 
the  rim  of  tiiat  hemisphere.  In  other  wordB,  they  must 
be  near  that  great  circle  of  the  Earth  along  which  the 
Sun  is  seen  exactly  on  the  horizon.  The  Sun  then  will 
be  nearly  on  the  horizon  at  such  stations,  and  will  be 
viewed  necessarily  under  somewhat  unfavourable  con- 
ditions. 

It  was  this  consideration  which  led,  and  probably 
will  always  lead,  to  the  selection  of  internal  contact  as 
the  proper  phase  to  be  observed.  In  attempting  to  time 
the  moment  when  Venus  is  jast  within  the  Sun's  disc, 
either  at  ingress  or  ^resB,  there  will,  of  course,  be 
difficulties  arising  from  atmospheric  disturbances ;  but 
on  the  whole  the  observation  of  this  phase  ia  easier 
than  the  observation  of  external  contact. 

But,  unfortunately,  a  certain  peculiarity  affects  the 
appearance  of  Venus  when  just  within  the  Sun's  disc. 
Instead  of  appearing  circular,  she  assumes  (just  before 
she  leaves  the  Sun's  edge  at  ingress,  or  just  as  she 
reaches  it  at  egress)  a  pear-shaped  aspect,  as  at  1 
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f  fig.  1 5),  or  such  an  aspect,  as  at  2  or  3,  according  to 
the  nature  of  the  telescope  made  use  of,  the  conditions 
of  the  atmosphere,  and  the  visual  power  of  the  obseTver. 
Thus  the  question  arises,  -whether  the  assumption  of 
this  aspect  is  to  be  regarded  as  the  true  moment  of 
internal  contact,  or  whether  that  is  the  true  moment 
when  the  circular  part  of  Venus's  appar^t  outline,  if 
Fig.  IG. 

F  F  F 

continued  so  as  to  form  a  complete  circle,  would  just 
touch  the  Sun's  outline.  Between  one  moment  and 
the  other  several  seconds  occur,  and  the  whole  question 
is  one  of  seconds. 

Here  is  a  difficulty  of  grave  importance ;  for  it  is  to 
be  noticed  that  a  practised  eye  would  be  needed  to 
determine  the  moment  when  the  outline  of  Venus 
would  just  touch  the  Sun's  if  undisturbed,  and  even  a 
practised  eye  might  well  be  deceived  on  such  a  point. 
On  the  other  hand,  though  an  observer  might  time  the 
exact  moment  when  the  outline  of  Venus  is  just  clear 
of  the  Sun's  (and  within  it),  either  at  ingress  or  egress, 
yet  as  this  moment  depends  (as  already  mentioned)  on 
the  qualities  of  the  telescope  and  on  the  observer's 
visual  powers — probably  also  on  the  state  of  the  weather 
— there  is  room  for  a  considerable  error  to  creep  in. 

I  shall  discuss  further  on  the  interpretation  of  the 
peculiarity  just  considered.    At  present  the  point  to 
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be  attended  to  is  the  actual  effect  produced  by  this 
peculiarity,  npoa  the  trustworthinesB  of  the  resnlte 
obtained  in  1769.  The  observers  were  for  the  moet 
part  unprepared  for  the  serioos  difficulty  which  the 
peculiarity  actually  introduces.  Although  in  1761 
Venns  had  been  distorted  at  ingress  and  egress,  while 
Halley  himself  had  in  1753  noticed  that  Mercury 
exhibited  a  similu'  distortion,  it  had  not  occurred  to 
astronomers  to  discuss  the  phenomenon  and  so  to  be 
enabled  to  point  out  how  the  difiGculty  might  be  got 
over.  In  fact,  the  whole  matter  had  been  so  completely 
overlooked,  that,  as  I  have  said,  few  of  the  observers 
in  1769  were  prepared  for  the  peculiarities  which 
Venus  presents  when  in  interior  contact  with  the  Sun.* 
The  result  was  that  much  difficulty  was  experiesced 
in  interpreting  the  observations.  It  will  be  understood 
that  more  obaervatione  were  made  tfian  were  actually 
necessary  for  the  solution  of  the  problem.  One  pair 
of  observations,  if  absolutely  exact,  would  have  sufficed 
to  determine  the  Sun's  distance ;  but  as  errors  must  to 

*  There  is  notbiog  mors  remai^ble  in  the  historj  al  BatroDomical 
otMOTttioiu  than  the  little  preparation  made  for  important  ownnences, 
■uch  as  tnuuils  and  eclipses,  ea  far  as  the  actual  observation  of  the 
phenomena  is  ccncemed.  Abundant  prepantion  ji  nisde  as  &r  as 
instrmnental  means  are  concemed;  bat  again  and  again  the  histoi? 
of  astronom;  eihihiCd  cassi  where  tba  actual  phenomena  of  transits  and 
eclipees  take  the  obeerver  by  anrprise,  and  so  are  not  obserred  as  well 
■s  thej  might  bare  been,  even  when  abnndsnt  information  has  been  in 
lealit;  atvlable  for  the  instmction  of  those  who  are  to  take  part  in 
wotehiDg  each  cceaneni»s.  There  is  much,  fbr  example,  in  the  histoiy 
of  eclip*eKibseTTationH  that  is  exceedingly  painfol  to  the  real  lover  of 
srieDce.  more  particnlorlj  in  the  wearisome  repetition  of  observations 
iiriueb  have  already  revealed  Ul  die;  can  reveal,  and  in  the  apparent 
dearth  of  inventaon  as  respects  the  devisal  of  new  modei  of  research. 
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a  greater  or  less  extent  affect  all  obserratioiis,  it  was 
necessary  that  many  sets  should  be  made  in  order  that 
the  mean  result  should  be  taken.  Now,  in  all  such 
cases  the  amount  of  reliance  which  is  to  be  placed  on 
the  final  or  mean  result  depends  on  the  closeness  with 
which  the  several  results  ^gregate  round  the  mean. 
Precisely  as  we  should  place  little  reliance  on  the 
deduced  mean  of  a  series  of  ordinary  measurements 
which  differed  considerably  inter  te,  so  aatronomera 
would  not  be  prepared  to  accept  with  confidence  a 
value  of  the  Sun's  distance  which  was  the  mean  of 
several  discordant  results." 

Now,  the  observations  made  in  1769  were  in  this 
respect  much  more  satisfactory  than  tliose  made  in 
1761 ;  but  owing  to  the  peculiarity  I  have'  mentioned 
they  did  not  accord  so  well  by  any  means  as  might 
have  been  anticipated. 

It  is  not  too  much  to  say  that  in  the  attempts  first 
made  to  determine  the  Sun's  distance  by  means  of  the 
transit  observations  of  1769,  no  settled  principle  was 
adopted.  It  was  not  much  to  be  wondered  at,  therefore, 
that  the  estimates  of  the  solar  parallax  varied  between 
somewhat  wide  limita;  so  that  whereas  some  mathe- 
maticians  made  the  solar  parallax  as  great  as  9"'2, 
others  obtained  a  value  of  only  7"-5.  The  correspond- 
ing  values   of   the   Sun's    distance   are    respectively 

*  The  total  nombw  of  obwrren  in  1761  tu  do  len  thui  flS— Uras 
distributed :  18  in  Nortb  Enrapt,  8  in  England,  IS  in  France,  6  in 
Spain,  Portufal,  and  Italy,  16  in  Qermuif,  and  8  in  other  places.  In 
1769  there  were  obeerren  at  SO  itationa  in  Enrop«,  6  )0  Aaia,  17  in 
America,  and  at  one  atatiou  in  Polynena. 
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87^90,780  and  108,984,560  miles,— a  range  compared 
with  which  recent  diBcrepanctes  seem  iDsigmficant.* 

During  the  years  1822  and  1824,  Encke  re-examined 
the  whole  series  of  observations  made  on  the  ttanuts 
of  1761  and  1769.  With  wonderful  patience,  eepeciallj 
when  we  consider  tlie  nature  of  his  materials,  he  com- 
bined together  the  results  of  no  less  than  149  observa- 
tiona  made  during  tlie  former  transit,  and  as  many 
made  (at  75  stations)  during  the  second.  From  the 
tranut  of  1761  he  deduced  for  the  Sun's  parallax  the 
value  8"*49,  and  fiwm  the  transit  of  1769  he  deduced 
the  value  8"'60;t  while,  by  combining  the  two,  he 
arrived  at  8"'5776,  the  value  which  was  employed 
during  so  many  years  in  the  '  Nautical  Almanac '  and 
other  like  works.  The  corresponding  distance,  viz., 
95,274,000  miles,  held  its  ground  during  all  those  years 
in  popular  treatises  on  astronomy. 

It  is  somewhat  surprising,  considering  the  evidence 

*  Ths  leralto  of  the  tmudt  of  1761  are  thni  Bammed  np  in  Dr. 
Bnilui't  Lffe  nfBneti  IJohant  Fran*  Encke^  teat  lebtn  und  WifJcen)  : — 
Short  obtained  s  paiallu  of  betirean  S"-47  and  8^62 ;  Fingt^,  10" ; 
Bimunraki,  S"-S5 ;  Planmotin,  B"'2 ;  AvAifndj,  9"-3.  From  the  tnnnt 
of  1769,  aAA  Bnhn,  Wm.  Smith  dsdnced  a  pu&llu  of  7"'S ;  Hornby, 
r-JS ;  Viagit,  9"%  8"-88,  uid  8"-43  i  lAlande,  8"-S ;  Leiell,  b;  Siller's 
method,  between  H'-Sdand  B"-S6,  whence  he  flna)^  adopted  8"'8.  The 
tsIdb  of  the  Son's  distance  corresponding  to  all  theee  remits  can 
be  at  OHM  dedneed  frqm  Table  II.  at  the  end  of  tide  work ;  sare  only  the 
di»tanee  corresponding  to  7"'B(in  Btuhn's  work  it  is  written  7''S)  which 
is  suled  above. 

t  Tii9  aetnal  resnlta  dedncnl  bj  Gccke  were — from  the  transit  of 
1781,  B"-4B0626  +  0-0e0712";  ftom  that  of  1769,  8"'603O  +  0"-O480; 
bom  the  two  combined,  8"'67T6±0"-0S70— 8-012  OSp,  where  if  is  the 
eotnetionfiir  the  Son's  Eemi-diam«t«r  (eftiDiatedbT'EackeBt9eS''-4!4). 
lAter,  ^cke  dedneed  thsTalne  S"'GT16,  bj  introducing  some  corrections 
in  Us  work. 
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which  was  afforded  by  the  discrepancies  between  the 
observations  made  in  1761  and  1769,  that  this  result 
should  have  been  regarded  with  such  con£denoe,  since 
it  needed  but  a  brief  examination  of  the  baeis  on  which 
Encke's  result  was  founded,  to  see  that  no  faitii  what- 
ever could  be  placed  in  three  at  least  out  of  the  five 
numerals  in  the  expression  8" '5776.  Delambre  regarded 
8" '6,  very  justly,  as  the  most  probable  value  of  the 
Bolar  parallax  half  a  century  aga  It  was  rightly 
admitted  that  the  observations  of  Venus  in  transit 
afforded  the  most  reliable  results;  but  Delambra, 
Bessel,  and  other  astronomers  of  Eminence,  were  far 
from  adopting  the  value  8"*S776  with  that  implicit  con- 
fidence  which  caused  the  corrections  made  in  recent 
times  to  attract  so  much  notice,  and  so  greatly  to 
surprise  the  general  pubUc 

The  observation  of  Venus  in  transit  being  admit- 
tedly the  most  trustworthy  method  of  determining  the 
Sun's  distance,  it  might  have  been  supposed  that  no 
new  results  could  serve  to  throw  doubt  on  those  deduced 
by  Encke,  until  the  time  should  come  when  Venus 
would  agun  cross  the  Suu's  face — that  is,  until  the 
year  1874.  But  the  rapid  progress  of  science  during 
the  past  half  century,  though  it  has  not  served  to  alter 
the  relative  value  of  different  methods  for  determining 
the  Sun's  distance,  has  enabled  astronomers  to  apply 
some  of  the  less  powerful  methods  in  so  much  more 
effective  a  manner  than  of  old,  as  to  obtain  more  trusts 
worthy  results  than  had  followed  from  the  best  method 
of  all  when  less  skilfully  applied. 
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Amongst  these  relativel;  inferior  methods,  no  less 
than  four  ore  novel ;  hut  a  veiy  brief  description  must 
sufiSce  for  each. 

It  had  been  noticed  by  Laplace,  towards  the  close  of 
the  last  century,  that  among  the  perturbations  of  the 
Moon  there  is  one  which  depends  on  the  Sun's  distance. 
Suppose   M,  Mj  M,  M^  to  represent  the'  Moon's  path 


around  the  Earth,  e.  Then  clearly  as  the  Moon  moves 
from  M^  through  M,  to  M,,  she  ia  disturbed  by  the  Sun's 
action,  which  is  here  greater  on  the  Moon  than  on  the 
more  distant  Earth.  On  the  other  hand,  while  the 
Moon  ia  moving  from  H,  through  m,  to  h,,  she  is  dis- 
turbed, because  the  Sun's  action  is  greater  on  the  Earth 
than  on  her.  Without  entering  into  an  exact  investi- 
gation of  the  effects  thus  produced,  it  ia  abundantly 
evident  that  the  Sun's  perturbing  eflFect  in  the  former 
case  will  be  greater  than  in  the  latter,  because  the 
radius  of  the  orbit  M,  m,  Mj  m,  clearly  bears  a  greater 
proportion  to  M,  8  than  to  Mj  b.  The  Moon's  orbit  is 
indeed  so  minute  compared  with  the  Sun's  distance,  that 
the  difference  is  very  slight ;  but  still  there  is  a  differ- 
ence. When  the  Moon  is  at  h,  the  Sun  tends  to  pull 
her  more  strongly  away  from  the  Earth  than  he  tends 
to  pull  the  Earth  away  irom  the  Mood  when  the  latt«r 
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is  at  Hj ;  and  a  similar  preponderaace  holds  for  other 
and  corresponding  positions  of  the  Moon  and  EartK 
It  follows  that  there  ia  a  slight  variatioD  in  the 
Moon's  motion  depending  on  this  cause  alone,  and 
readily  admitting  of  being  estimated  theoretically, 
while  die  continued  observations  made  by  astronomers 
on  the  Moon's  motions  suffice  to  show  how  great  the 
perturbation  really  is.  It  is  only  necessary  to  compare 
the  theoretical  with  the  observed  value  to  deduce  the 
Sun's  distance ;  only,  of  course,  the  accuracy  of  the 
result  will  depend  on  the  number  and  accuracy  of  the 
observations.  Laplace,  with  the  best  observations 
available  in  his  time,  deduced  for  the  Sun's  parallax 
the  value  8" '6,  corresponding  closely  with  the  value 
subsequently  deduced  hy  Encke  from  the  transits  of 
Venus.  *  It  16  remarkable,'  wrote  Laplace,  '  that  an 
astronomer,  without  leaving  his  observatory,  by  merely 
comparing  his  observations  with  analysis,  has  thus  been 
enabled  to  determine  the  distance  of  the  Earth  from 
the  Sun — an  element  the  knowledge  of  which  has 
been  the  fruit  of  long  and  troublesome  voyages  in  both 
hemispheres.' 

But  this  method  is  clearly  one  which  modem 
astronomers  can  apply  much  more  effectively,  because 
the  observations  at  their  disposal  are  so  much  more 
numerous  and  so  much  more  exact.  Accordingly, 
Hansen,  the  eminent  mathematician  and  lunarian, 
announced  in  1854,  in  a  letter  addressed  to  the 
Astronomer  Royal,  that  this  method,  applied  w^ith  the 
aid  of  his  new  tables  of  the  Moon,  gave  a  solar  parallax 
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of  8"-9159,  correspondiDg  to  a  distance  of  91,659,000 
miles. 

Another  method,  depending  on  the  apparent  motioDs 
of  the  Sun,  was  applied  (with  a  very  similar  result)  hj 
Leverrier. 

If  the  Earth  had  no  satellite  she  would  travel  on  her 
elliptic  orbit  round  the  Moon,  with  no  other  perturba- 
tiona  than  those  produced  by  the  planets.  But  since 
she  has  a  satellite,  whose  mass  is  an  appreciable  though 
small  aliquot  part  of  her  own,  she  is  disturbed  precisely 
in  the  same  way,  though  not  to  the  same  extent,  that 
the  Moon  is  disturbed.  The  Moon  travels  once  in  a 
lunar  month  around  her  orbit,  but  the  point  round 
which  the  Moon  moves  is  not  the  centre  of  the  Earth, 
but  the  centre  of  gravity  of  the  Earth  and  Moon  ;  and 
around  that  centre  of  gravity  the  Earth  also  travels 
once  in  a  lunar  month.  M^ow,  precisely  as  an  observer 
on  the  Moon  would  have  in  effect  the  range  of  the 
Moon*s  orbit  around  this  centre  of  gravity,  as  a  base- 
line by  which  to  estimate  the  Sun's  distance,  bo  the 
observer  on  the  Earth  has  the  range  of  the  Earth's  orbit 
around  the  same  centre  of  gravity  for  the  same  purpose. 
The  diameter  of  this  last-named  orbit  is  indeed  very 
small — little  more,  in  fact,  than  three-fourths  of  the 
Earth's  own  diameter;  but  by  the  radius  of  this  small 
orbit  the  Earth  is  sometimes  in  advance  and  sometimes 
behind  her  mean  position.  In  other  words,  hef  motion 
in  longitude  (that  is,  her  angular  motion  round  the 
Sun)  is  not  equable.  Over  and  above  the  variation  of 
her  velocity  due  to  the  ellipticity  of  her  path,  there  ia 
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this  alternate  advance  and  (relative)  retrc^ression, 
having  for  its  period  a  lunar  montli.  Obviouslj,  the 
observed  effect,  so  far  aa  the  astronomer  is  concerned, 
is  an  apparent  irregularity  in  the  Sun's  motion,  having 
the  same  period  of  one  lunation.  The  effect  is  exceed- 
ingly minute :  it  is  less  than  the  displacement  of  the 
Sun  as  seen  from  different  parts  of  the  Earth ;  and,  as  we 
have  seen,  tiiit  effect  could  never  be  employed  to  deter- 
mine the  Sun's  distance.  Why,  then,  it  may  be  asked, 
is  the  other  and  smaller  effect  aviulable  ?  For  this 
reason  simply,  that  the  daily  observations  made  on  the 
Sun  in  the  meridian  supply  a  fond  of  materials  for 
estimating  the  effect  in  question.  Such  observations 
are  made  (severally)  at  one  station  by  one  telescope, 
and  if  not  by  one  observer,  yet  by  a  series  of  observers 
who  are  always  working  together,  so  that  their  relative 
modes  and  powers  of  observation  are  ciunparable  to- 
gether.* 

Leverrier,  by  the  careful  study  of  an  enormous 
number  of  observations  on  the  Sun,  made  at  the 
principal  observatories  in  Europe,  came  to  the  con- 
clusion that  the  Sun's  parallax  is  8"'95,  corresponding 
to  a  mean  distance  of  91,330,000  miles.  Mr.  Stone, 
however,  has  detected  a  numerical  error  in  M. 
Leverrier's  calculations ;  and  when  this  error  is  cor- 
rected the  value  8"*91   results,  corresponding  to   a 

■  The  sreat  point,  hoireTer,  U  that  tXl  Ihe  obwrTattons  are  meri- 
dional.  Wen  aitra-maridion&l  obaerrations  of  the  Sun  aa  tniatvorthj  as 
thoie  made  od  tbe  meridian,  th«  Sun'a  distance  could  hare  be«n  long 
Bince  determined  tliron^  thoea  efiecta  of  the  Earth'i  rotation  which 
depend  on  the  length  of  her  diameter. 
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distance  of  91,739,000  miles. *  Mr.  Simon  Newcomb, 
of  America,  has,  by  the  application  of  the  same 
method,  deduced  the  parallax  8" '84,  corresponding  to  a 
distance  of  about  92,500,000  miles. 

MM.  Fizeau  and  Foucault  applied  a  method  differing 
wholly  in  character  from  any  that  had  before  been 
thought  of.  It  seems  at  first  sight  incredible  that  the 
ingenious  combination  of  revolving  wheels  or  mirrors 
should  serve  to  determine  the  Sun's  distance;  but  such 
is  the  case.  The  essential  point  in  the  new  method  is 
the  direct  measurement  of  the  velocity  with  which 
light  travels.  This  velocity  had  been  determined  in 
two  ways  by  astronomers,  or  rather  it  had  been  dis- 
covered in  one  way,  and  the  deduced  result  had  been 
confirmed  in  another.     When  Jupiter  is  in  opposition — 

■  Et«7  method  of  solviag  the  problem  of  the  Son's  distaoM  hu  iti 
specdsl  difficolliea.  In  Leverrier's  method,  the  accuracy  of  the  remit  is 
wboll;  dependent  oa  thd  accnncy  of  onr  estimate  of  the  Moon's  mam; 
for  clearly  on  this  estimate  depends  the  extent  ve  are  to  assign  to  tJie 
Eaith's  uonthl;  orbital  motion  around  the  common  centre  i^  gravity 
of  the  Esrib  and  Uoon.  But  the  Moon's  mass  is  only  measnnble  by 
obterrationsdetennining  tbe  amount  of  ^le  natation  of  tlie  Earth's  axis, 
a  quantity  of  ths  same  minute  order  as  the  solar  parallax  iUelf.  Still, 
this  method  has  the  adTBoCage  of  depending  on  a.  very  large  number  of 
obaerrations,  both  as  rnpects  the  detenaiDfttioD  of  the  Mood's  nutation, 
and  thftt  of  the  inequality  of  the  Sun's  motion.  It  is  obvious  that  the 
Utter  ineqoalitj  may  be  employed  either  to  determine  the  Moon's  mau 
when  the  Sun's  distance  is  knovn,  or  viix  vrriS.  It  has  been  employrd 
both  ways,  Delambre  haring  deduced  the  Talue  of  the  Moon's  mas*  by 
this  mode.  The  way  in  which  the  inequsJity  la  applied  will  depend  on 
the  question  whether  the  Moon's  moss  or  the  Sun's  distance  is  supposed 
to  be  best  known  iy  otluT  m^hodi.  At  present  it  is  assumed  that  the 
Moon's  mass  Is  the  more  acenratelj  detennined  elemrnt ;  bat  donbtlfss 
after  the  tranails  of  1874  and  ieS2lhc  inequality  in  the  StiD'a  motion  ia 
longitude  will  be  applied  to  detenuins  the  Moon's  mass  from  the  known 
distance  of  the  Sun, 
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at  which  time  he  is  nearest  to  us — the  eclipses  acd 
occultations  of  his  satellites  were  fouod  to  occur  a  few 
minutes  earlier  than  had  been  calculated;  whereas 
when  he  is  near  conjunction  these;  phenomena  occur 
before  the  calculated  time.  Eomer  first  pointed  out 
the  meaning  of  this  obserration.  He  showed  that  the 
phenomena  really  occur  at  the  calculated  epochs,  but 
that  the  light  which  brings  to  us  the  account  of  those 
pheuomona  reaches  us  more  quickly  when  Jupiter  is 
nearer  to  us  than  when  he  is  farther  away.  Bradley 
afterwards  found  in  this  discovery  the  explanation  of 
the  aberration  of  the  fixed  stars.  If  light  travelled 
with  infinite  velocity  we  should  see  the  stars  in  the 
same  direction  whether  the  Earth  was  at  rest  or  in 
motion.  But  as  the  velocity  of  light,  though  very 
great,  is  yet  not  infioite,  the  apparent  direction  in  which 
the  light  from  a  star  reaches  the  terrestrial  observers 
is  affected  by  the  motiou  of  the  Earth,  according  to  a 
law  precisely  similar  to  that  which  causes  the  apparent 
direction  of  the  wind  to  be  affected  by  the  motion  of 
an  observer  who  is  rapidly  carried  onwards  in  a  carnage 
or  other  vehicle.  And  when  Bradley  determined  the 
amount  of  the  aberration  of  the  fixed  stars  at  different 
seasons,  he  found — and  astronomers  have  since  abun- 
dantly confirmed  the  result — that  the  precise  velocity 
assigned  to  light  by  Bomer  was  that  required  to 
account  for  the  peculiarity  which  affects  the  apparent 
place  of  every  star  in  the  heavens,  as  the  Earth  sweeps 
onward  on  her  yearly  orbit. 
But  it  will  be  seen  that  neither  observation  supplied 
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the  means  of  directly  determining  the  velocity  of  light 
in  miles  per  second.  All  that  was  known  was —  first,  that 
light  takes  a  certain  interval  of  time  in  crossing  the 
Earth's  orbit  (or  some  known  chord  of  that  orbit) ;  and, 
secondly,  that  the  velocity  of  light  bears  a  certain  pro- 
portion to  the  Earth's  velocity  in  her  orbit.  Until  the 
exact  dimensions  of  the  Earth's  orbit  are  known,  neither 
of  these  facts  informs  us  of  the  real  velocity  of  light. 
Jud^ng,  however,  from  Encke's  estimate  of  the  Sun's 
distance,  astronomers  concluded  that  light  travels  at  the 
rate  of  no  less  than  192,000  miles  in  a  single  second  of 
time. 

It  might  seem  altogether  hopeless  to  attempt  to  esti- 
mate directly  a  velocity  so  enormous  as  this.  Remem- 
bering how  the  velocity  of  sound  has  been  measured, 
and  considering  only  the  appUcation  of  a  similar  method 
to  the  case  of  light,  how  utterly  futile  does  the  very 
thought  of  such  an  attempt  appear  I  We  can  make  a 
signal  when  a  sound  is  heard  at  one  station,  and  ob- 
servers at  another  station  can  note  how  long  the  sound 
takes  in  reaching  them ;  because  where  the  stations  are 
at  a  considerable  distance,  an  appreciable  time  elapses 
before  the  sound  travels  from  one  to  the  other.  But 
the  very  best  signal  we  can  use  is  some  visible  signal 
(in  preference,  I  mean,  to  some  electric  signal),  Le.,  a 
light-message,  which  travels  so  quickly  that  we  can 
wholly  neglect  the  time  it  has  taken,  in  c<nnparison  with 
that  taken  by  the  sound.  Obviously,  we  have  no  such 
means  of  measuring  the  passage  of  light,  for  what  is  our 
signal  to  be  if  the  velocity  with  which  it  is  conveyed  is 
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BO  largely  to  exceed  the  velodty  of  light  that  we  can 
neglect  the  time  occupied  in  its  transmisBioii  ?  But  if 
we  had  even  a  satisfactory  ansver  to  this  question  (in- 
stead of  having  none  whatever),  the  problem  vonld 
yet  be  insoluble  in  this  manner.  Suppose  the  light 
were  shown  at  a  distance  of  500  miles — about  the  limit 
at  which  any  terrestrial  light  could  be  seen,  even  under 
the  most  favourable  atmospheric  conditions — yet  the 
time  occupied  hy  the  light-waves  in  traversing  this 
distance  would  he  but  about  the  360th  part  of  a  second. 
What  instrument  or  what  observer  could  note  such  an 
interval — to  Bay  nothing  of  measuring  it,  which  would 
yet  be  absolutely  essential  to  the  successful  solution  of 
the  problem  ? 

I  shall  not  here  enter  into  afull  account  of  the  means 
hy  which  Foucault  and  Fizeau  solved  a  problem  appa- 
renUy  so  intractable,  referring  the  reader  to  '  Pouillet's 
Physics '  and  other  works  in  which  the  subject  of  light 
is  dealt  with.  The  general  principle  of  the  method 
employed  by  Fizeau  may  be  thus  presented.  Suppose 
we  see  an  object  by  light-rays  which  have  been  caused 
to  traverse  a  long  path  by  means  of  several  reflections. 
Now  conceive  that  the  continuity  of  the  long  path  is 
simultaneously  broken  at  regular  intervals  at  two 
points,  one  near  the  beginning  the  other  near  the  end 
of  the  path,  the  path  being  broken — re-made — broken 
—re-made,  and  so  on.  Then  if  light  travelled  with  in- 
finite velocity,  the  light-rays,  which  at  any  instant 
traversed  the  flrst  part  of  the  path  at  a  time  when  the 
path  was  made  there,  would  traverse  the  last  part  also. 
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because  at  that  same  instant  the  path  would  he  com- 
plete thxre  also.  But  light  not  traveUing  with  infinite 
veloci^,  the  light-rays  which  pass  the  first  part  of  the 
path  may  he  stopped  by  the  break  in  the  second  part, 
if  the  interval  between  the  making  and  breaking  be  but 
ehort  enough.  Now,  Fizeau  had  a  revolving  toothed 
wheel,  and  matters  were  so  arranged  that  when  a  tooth 
of  this  wheel  was  opposite  a  certain  small  aperture,  the 
path  of  light  was  broken  both  at  its  beginning  and 
end,  for  the  light  had  to  pass  through  this  aperture, 
and  then,  after  pursuing  a  long  course,  to  pass  out 
again  through  the  same  aperture.  Now,  when  the  re- 
volution was  moderately  rapid,  light-rays  which  passed 
through  the  aperture  found  the  aperture  open  when 
they  came  back  again  to  it;  but  by  causing  the  revo- 
lution to  be  very  rapid  indeed,  so  that  a  very  minute 
fraction  of  a  second  elapsed  between  the  passage  of 
successive  teeth  across  the  aperture,  it  was  possible  to 
cause  the  light-rays  which  had  entered  while  the  aper- 
ture was  open  to  be  prevented  from  passing  out  again 
by  the  interference  of  a  tooth  of  the  wheel.  It  is 
easily  seen  that  when  the  wheel  revolved  at  this  parti- 
cular rate  there  would  be  a  total  eclipse  so  far  as  light 
coming  through  the  aperture  was  concerned.  For  light 
which  went  in  when  any  portion  of  the  aperture  was 
tree,  would  return  to  the  aperture  when  just  that  por- 
tion of  the  aperture  was  closed.  Then,  as  Fizeau  had 
the  means  of  telling  at  what  rate  the  wheel  was  revolv- 
ing when  total  eclipse  thus  occurred,  he  could  tell  pre- 
cisely what  firaction  of  a  second  elapsed  between  the 


D,Q,t,7=^-i>,  Google 


53  THE  SVS: 

passage  of  tooth  after  tootli  acrosB  the  aperture ;  and 
koowing  the  length  of  the  path  traversed  by  the  light- 
rays  he  could  measure  the  velocity  of  light  with  a  con- 
siderable degree  of  accuracy.  Foucault  adopted  an 
arrangement  in  which  a  plane  mirror  was  caused  to 
rotate  very  rapidly,  and  the  principle  of  his  plan 
(which,  to  be  fully  explained,  would  require  more  space 
than  is  here  available)  depends  on  the  duration  of  visual 
impressiona.*  Fizeau's  method,  in  some  respects  in- 
ferior to  Foucault's,  resulted  in  assigning  to  light  a 
velocity  of  194,600  miles  per  second;  but  .Foucault's 
gave  a  velocity  of  only  185,300  miles  per  second,  fall- 
ing considerably  short  of  the  estimate  of  192,000  miles 
above  referred  to.  So  satisfactory  were  Foucault's 
experiments,  that  tliis  discrepancy  was  held  gravely  to 
affect  the  estimate  of  the  Sun's  distance,  on  which  the 
latter  value  is  based.  It  would  follow,  if  Foucault's 
experimenta  were  held  to  indicate  truly  the  velocity  of 

*  It  may  be  thni  exhibited: — Ad  image  of  a  ceitun  wire  is  ae«n 
directly,  and  Then  ■  certain  plane  minor  vrbicb  cod  be  rapid);  rerolred 
ia  io  a  certaJQ  positioo,  the  image  of  the  wir«  it  caused  to  appear  in 
coincidence  vith  the  wire  aeen  directly.  The  minor  U  ao  rotated 
M  to  take  np  once  in  each  rotation  the  required  position ;  and  ao  long 
aa  the  rotation  ia  slow  tlie  reflected  image  makes  succeaaiTe  uppear- 
ancee.  With  an  inerBase  in  the  velocity  of  rotittioa  the  image  appean 
coQtinnoualy  in  one  place — owing  to  the  continoanca  of  visible  imprea- 
sions.  Now,  foe  moderate  relocities  of  rotation,  the  posi^on  thua  taken 
up  by  the  image  coincides  with  that  of  the  wire  seen  directly.  But 
with  a  very  rapid  rotation  the  position  of  the  mirror  suited  fbt  caaaing 
the  image  to  be  visible  (after  reflection),  do  longer  accoida  appreciably 
with  the  position  required  when  the  minor  is  at  rest  Accaidingly, 
the  image  appeora  appreciably  eeparated  fram  the  wire  seen  directly; 
and  the  amount  of  sepantion,  combined  with  the  known  velocity  of  ro- 
tation, luppliet  die  meant  of  estimating  the  velocity  of  light. 
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light  in  the  iDterplanetary  spaces  (as  well  as  in  air), 
that  the  Sun's  mean  distance  would  be  but  91,400,000 
tnilea,  his  parallax  8" '94  2. 

Yet  another  method  was  suggested  by  the  Astro- 
nomer RoyaL  He  pointed  out  that  instead  of  compar- 
ing the  position  of  Mars  on  tbe  sky  (when  the  planet 
is  near  opposition)  as  seen  from  different  stations,  an 
even  more  satisfactory' estimate  of  tbe  planet's  dbtance, 
and  so  of  tbe  Sun's,  might  be  obtained  by  observing 
how  far  the  diurnal  rotation  of  the  Earth,  by  shifting 
the  place  of  any  fixed  station,  affected  the  apparent 
position  of  tbe  planet.  It  is  clear  that  if  tbe  station  e 
(fig.  9)  is  supposed  to  be  carried  by  tbe  Earth's  rota- 
tion to  i/,  the  observer  can  as  effectively  compare  tbe 
distances  at  which  the  observed  places  of  Mars,  m  and 
m',  lie  from  a  fixed  star  s,  as  though  there  were  two 
observers,  one  at  e  and  tbe  other  at  e'  at  tbe  same 
instant  of  time;  for  astronomers  know  well  bow  to 
take  into  due  account  tbe  motion  of  Mars  during  tbe 
interval. 

In  1862  this  method  was  employed,  as  well  as  the 
former  method  of  treating  observations  of  Mars.  The 
result  was  to  confirm  the  impression  that  the  Sun  lies 
nearer  to  us  than  had  been  so  long  imagined.  Stone, 
of  GreeDwicb,  by  combining  tbe  two  methods,  deducing 
tbe  solar  parallax  first  from  observations  of  Mara  made 
at  Greenwich  alone,  then  from  observations  made  at 
Greenwich  and  Capetown,  then  from  observations 
made  at  Greenwich  and  Witliamstown,  and  combining 
all  these  results,  deduced  a  solar  parallax  of  8" -943, 


D,£,,t,7=^-i>,  Google 


6o  THE  SUN: 

with  a  probable  error  of  COSl.  This  corresponds 
toadistance  of  about  91,400,000milea,witha  probable 
error  of  about  500,000  miles.  Winnecke,  by  combining 
observations  of  Mars  made  at  Poulkowa  and  Cape- 
town, deduced  a  parallax  of  8""964,  correBpondiDg  to  a 
distance  of  about  91,200,000  miles,  \ewcomb,  from 
the  observations  of  Mars  in  the  same  year,  deduced  a 
parallax  of  8" '855,  corresponding  to  a  distance  of  about 
92,300,000  miles. 

Besides  these,  there  were  estimates  by  Leverrier, 
Stone,  Newcomb,  Pi^on,  and  others,  founded  on  the 
re-examination  of  processes  already  referred  to,  or 
on  observatjona  enabling  those  processes  to  be  applied 
anew  with  more  or  less  chance  of  exactitude  in  the 
results. 

By  the  year  1864  it  bad  become  abundantly  clear 
that  the  accepted  estinutte  of  the  Sun's  distance  was 
too  great.  All  the  new  values  clustered  around  a 
value  of  about  8"'9  for  the  parallax,  corresponding 
to  a  distance  of  about  91,850,000  miles. 

Thus  astronomers  were  led  to  re-examine  the  obser- 
vations of  the  transit  of  1769  in  order  to  sec  whether 
they  could  be  so  interpreted  as  to  correspond  with  the 
result  pointed  to  by  so  many  independent  researches, 
Powalky  subjected  these  observations  to  a  new  dis- 
cussion and  deduced  the  value  8"-832,  corresponding 
much  more  closely  than  Encke's  with  the  recent  de- 
terminations. But  astronomers  were  not  satisfied  with 
his  labours,  because  he  rejected  some  of  the  more  im- 
portant observations  made  in  1769,  without  assigning 


D,r,,t,7=^-i>,  Google 


ITS  DISTANCE  AND  DIMENSIOys.  6 1 

sufficient  canse,  and  also  because  the  a^eement 
between  tbose  obeerratioiis  whicb  be  retained  was  by 
no  means  exhibited  satisfactorily.  As  Admiral  Manners 
said,  when  addressing  the  Antronomical  Society  in  1862, 
•  The  weight  of  Encke's  value  could  scarcely  be  said  to 
be  afifected  by  Powalky's  discussion.' 

N'ewcomb,  of  America,  was  more  successfnl.  He 
deduced  tbe  value  6"'67  by  a  method  altogether  more 
satisfactory  than  Powalky's.  But  still  the  agree- 
ment between  the  different  observations  was  not  so 
satisfactory  as  could  be  wished ;  nor  had  Newcomb 
adopted  any  fixed  iiile  for  interpreting  the  observations 
of  internal  contact,  which,  as  I  have  said,  are  affected 
by  tbe  peculiar  distortion  of  Venus's  disc  at  that 
moment. 

It  was  reserved  for  Mr.  Stone,  of  Greenwidi,  to  solve 
in  aaattsfactory  manner  a  difficulty  wliich  had  long  per- 
plexed aatronomers.  We  have  seen  that  there  are  two 
fhaaes  which  an  observer  of  Venus  in  transit  might  try 
to  catch — the  moment  when  the  connection  between  tbe 
disc  of  Venus  and  that  of  the  Sun  appears  to  break  at 
ingress  or  form  at  egress,  and  the  moment  when  the 
outline  of  Venna,  if  undisturbed,  would  just  touch  tbe 
outline  of  the  Sun.  Now,  if  we  consider  wfay  Venus 
is  distorted  so  peculiarly  near  the  time  of  internal  con- 
tact, we  shall  see  which  of  these  phases  corresponds 
most  closely  to  the  real  moment  of  internal  contact. 
The  matter  is  sufficiently  simple.  Owing  to  a  pecu- 
liarity of  vision,  every  bright  object  appears  somewhat 
larger  than  it  really  is,  the  borders  of  the  image  on  the 
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retina  affecting  the  neighbouring  part  of  the  retioa. 
It  follows  ohviously  that  every  dark  object  will  appear 
Homewhat  smaller  tlian  it  really  is,  for  the  backgroand 
on  which  the  dark  object  is  depicted  will  be  relatively 
bright,  and  so  its  image  on  the  retina  will  encroach  on 
that  of  the  dark  object.  Thus,  suppose  the  arc  s  s'  v' 
(fig.  1 7 )  to  represent  part  of  the  true  outline  of  the  Sun, 
then,  to  the  observer,  the  outline  would  lie  as  shown 
outside  this  circle ;  but  if  the  circle  8'  v  t*  represents 
the  true  outline  of  Venus,  her  apparent  outline  would 
lie  as  shown  inside  this  circle.     It  is  clear,  then,  that 


in 


the  part  of  the  outline  of  Venus  which  lies  upon  the 
Sun  seems  to  belong  to  a  smaller  circle  than  the  part 
of  the  outline  lying  outside  the  Sun.  This  is  true 
until  the  actual  moment  when  the  true  outlines  touch, 
when  the  appearance  would  be  that  shown  in  fig.  18, 
the  connecting  ligament  being  the  finest  conceivable 
line ;  and  obviously  (referring  to  ingress),  the  uu- 
distorted  part  of  the  apparent  outline  of  Venus  would 
have  seemed  to  belong  to  a  circle  touching  the  Sun's 
outline  some  seconds  earlier.     Similar  remarks  apply 


So  that  if  an  observer  could  note  the  moment  when 
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the  discs  of  Venus  and  the  Sua  were  apparently  united 
by  a  fine  line,  ae  in  fig.  18,  be  would  have  ascertained 
the  moment  of  real  contact ;  whereas  if  he  had  noticed 
the  time  when  the  circular  part  of  Venus'a  outline 
would  touch  the  Sun's,  if  continued  undistorted,  he 
would  have  caught  quite  a  distinct  phase,  which  we  may 
call  apparent  contact.  As  amatter  of  fact,  only  the  finest 
possible  telescope,  and  great  care  and  observing  skill 
on  the  part  of  the  astronomer,  would  render  it  possible 
to  notice  the  moment  when  such  a  ligament  as  is  shown 
in  fig.  18  broke  or  formed.  Usually  a  much  coarser  • 
ligament  only  would  be  noticed  ;  but  the  obserTation  of 
the  sudden  breaking  or  formation  of  the  ligament 
would  be  regarded  as  an  approximate  observation  of 
real  contact.* 

Now,  what  Mr.  Stone  did  was  to  infer,  from  the 
account  actually  given  by  the  different  observers, 
whe&ec  real  or  apparent  contact  was  noticed ;  and  he 
introduced  a  definite  correction,  according  to  the  best 
estimate  we  have  of  the  effects  of  irradiation  in  en- 
larging the  solar  disc  and  dimimshing  that  of  Venus. 

By  adopting  this  definite  rule,  Mr,  Stone  not  only 
deduced  a  solar  parallax  corresponding  closely  with 

*  In  Appendix  A  will  be  fonod  aome  farther  lemtrkB  en  this  poiDt, 
in  relation  to  the  ezpectationa  connoted  irilli  the  spprotKhing  tnosiu. 
It  hua  leemed  to  me  that  the  riew  taken  by  Mr.  Stone  of  the  viloe  of 
thoee  eiprctatione  ia  altogether  too  despondent.  It  ie  quite  tme,  aa  he 
pointa  ont,  tliat  different  obserTen  will  see  a  ligament  of  different 
breadth — in  other  words,  will  catch  a  different  phase ;  but  we  need  not 
therefore  fear  that  a  correepooding  error  will  be  introduced.  If  each 
obeerrer  dues  bnt  note  the  apparent  breadth  of  the  ligament,  there  will 
be  the  meane  of  in  large  part  eliminating  this  cause  of  error. 
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that  obtained  bj  the  vflrioua  other  metiiods  described 
above,  but  (which  is  much  more  important)  he  brought 
the  observatioDS  of  the  transit  into  most  aatisfactorj 
accordance.  To  quote  the  words  of  Admiral  Manners' 
address  on  presenting  to  Mr.  Stone  the  Gold  Medal  of 
the  Royal  Astronomical  Society — 'Mr.  Stone's  in- 
vestigation includes  every  complete  observation  from 
internal  contacts  of  the  transit,  and  yet,  notwithstand- 
ing this  circumstance,  all  the  observed  darations  are 
represented  with  a  degree  of  accuracy  which  is,  beyond 
■all  doubt,  within  the  limits  of  probable  errors  of  obser- 
vation. Mr.  Stone  has  effected  this  object  by  simple 
interpretation  of  the  words  of  the  observer,  inferring 
from  his  language,  and  from  the  accompanying 
circumstances  of  the  case,  whether  the  phenomenon 
noticed  by  him  referred  to  an  apparent  or  a  real  con- 
tact' 

The  result  thus  deduced  assigned  to  the  Sun  a 
parallax  of  8"-91,  with  a  probable  error  of  0"-03, 
corresponding  to  a  distance  of  about  91,730,000  miles, 
with  a  probable  error  of  about  300,000  mUes.  Id 
other  words,  the  Sun's  distance,  according  to  this  latest, 
and  in  many  respects  most  satisfactory  determination, 
is  found  to  lie  between  about  92,030,000  miles  and 
about  91,430,000  miles.  If  we  assume  8"'9  as,  on  the 
whole,  the  best  value  for  the  parallax,  implying,  as  it 
does,  that  as  yet  we  have  no  knowledge  of  the  next 
decimal  figure,  we  have  for  the  Sun's  mean  distance 
92,000,000  miles;*  as  we  ought  not  to  admit  any 
■  Tha  Ter;  Toloe,  be  il  noted,  which  Prof««OF  Smyth,  Aftrooomst 
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Bigmficant  figures  beyond  the  second.  Doubtless, 
after  the  observationfl  whjch  are  to  be  made  on  the 
transitg  of  1874  and  1882,.aetrODOmer8  will  be  able  to 
extend  the  value  of  the  parallax  to  a  second  decimal 
Hgurei  and  bo  have  three  significant  figures  in  the  ex- 
pression for  the  distance.     (See  Appendix  A.) 

It  remains  to  be  noticed  that  the  corresponding 
value  of  the  Sun's  diameter  is  furl;  represented  by 
850,000  miles,  nor  is  anything  gtuned  by  expressing 
this  diameter,  as  is  so  commonly  done,  with  significant 
figures  down  to  the  units*  place.  Certainly  if  the  true 
solar  parallax  is  8" '94000,  for  instauce,  then  the  exact 
value  of  the  Sun's  diameter  is  852,908  miles.  But 
when  we  see  that  the  value  of  the  solar  parallax  can 
only  fairly  be  presented  to  the  first  decimal  place,  or 
as  8" '9,  we  cannot  pretend  to  know  the  Sun's  diameter 
with  greater  exactness.  The  limits  of  error  in  our 
estimate  of  the  Sun's  distance  being  probably  four  or 
five  hundred  thousand  miles  at  the  least,  it  must  bo 
admitted  that  the  limits  of  error  in  our  estimate  of  the 
Sun's  diameter  cannot  be  less  than  four  thousand  miles. 

The  surface  of  the  Sun  is  equal  to  four  times 
the  area  of  a  circle  having  this  diameter  of  850,000 
miles,  or  in  round  numbers  to  2,285,000  millions  of 
miles.  His  volume  is  about  1,250,000  times  that  of 
the  Earth. 

Bojul  for  Scotland,  roniidpra  to  b«  recorded  in  the  dimeusioniLl  featurfa 
o(  the  Great  I^ramid.  See  his  Life  and  Work  at  the  Great  Pi/tamid, 
which  go«s  far  to  demotutrate  that  a  Dumber  of  the  fu<js  rrgardud  ax 
receot  acqaiaitiana  of  astroDoui;  were  koown  to  the  arcliitecta  of  that 
most  TemuTkable  erection. 
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In  dratt-ing  to  a  close  thia  chapter  on  the  most 
difficult  and  important  problem  of  astronomy — a 
chapter  which,  long  as  it  is,  has  barely  sufficed  to  con- 
vey so  much  of  the  history  of  investigation  as  seemed 
essential  to  my  purpose — I  would  remark  that  there  is 
no  branch  of  research  with  which  astronomers  have 
better  reason  to  feel  satbfied.  I  cannot  consent  to 
speak  of  recent  successes  as  though  they  had  removed 
a  reproach  from  astronomy.  There  is  no  single  part 
of  the  history  of  this  problem  of  which  astronomers 
have  not  abundant  reason  to  be  proud.  By  long 
and  patient  labours  they  have  been  able  to  overcome 
difficulties  which  might  fairly  have  been  thought 
insuperable.  Availing  themselves  at  every  step  of 
the  beat  means  they  could  secure  for  approxima- 
ting more  and  more  closely  to  the  truth,  they  have 
necessarily  had  during  their  advance  to  pass  from 
ground  which  they  had  formerly  occupied.  But  every 
such  change  of  ground  has  been  an  advance  towards 
more  complete  success.  Sir  John  Herschel  has  said 
that  the  recent  correction  in  the  value  of  the  Sun's 
parallax,  corresponds  to  the  apparent  breadth  of  a 
human  hair  at  125  feet,  or  of  a  sovereign  at  eight 
miles  off;  '  and  that,  moreover,  the  error  has  been 
detected  and  the  correction  applied;  and  that  the 
detection  and  correction  have  originated  with  the 
friends  and  not  with  the  enemies  of  science'  But  I 
would  go  even  farther  than  this,  since  in  place  of 
regarding  the  recent  change  as  involving  the  detection 
and  correction  of  error,  I  would  speak  of  it  rather  as 
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a  new  approximation,  more  successful  indeed  than 
former  ones,  but  not  therefore  changing  those  former 
successes  into  defeats.  The  astronomy  of  half  a 
centmy  since  had  as  good  reason  to  be  prond  of 
Encke's  work  as  the  astronomy  of  the  present  day  has 
to  rejoice  at  the  successes  of  Hansen,  Foucault, 
Leverrier,  and  Stone ;  or  as  the  astronomy  of  future 
ages  will  have  to  boast  of  those  labours  by  which 
the  results  now  accepted  will  inevitably  be  improved 
upon. 
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CHAPTER  11. 

THE  SU2/  AS  SULEB. 

One  of  the  most  importaot  of  the  Sud'b  functiotiB  is 
that  hj  virtue  of  which  he  rules  the  motions  of  his 
family  of  planets.  By  the  exercise  of  his  mighty  at- 
tractive influence  he  continually  controls  the  tendency 
which  they  have  to  rush  tangentially  far  out  into  space 
beyond  the  influence  of  his  illuminating,  heating,  and 
actinic  rays.  Their  swift  orhital  motions,  combined 
with  the  relative  stability  of  their  axial  pose,  result  in 
producing  the  orderly  succession  of  the  seasons.  But 
this  succession  70uld  come  to  an  end,  were  it  not 
for  the  stability  of  their  orbital  motion ;  and  this 
stability  is  due  to  the  Sun's  overmastering  attraction. 
To  this  it  is  due  that  the  paths  of  the  planets  though 
undergoing  continual  processes  of  variation,  yet  suffer  . 
no  sudden  changes  as  respects  their  distance  from  him, 
or,  therefore,  as  respects  the  period  necessary  for  a 
complete  revolution.  Nay,  so  perfect  is  the  whole 
scheme  of  governance  that  even  the  processes  of  slow 
change  take  place  within  limits,  and  those  limits  not 
very  wide.  Not  merely  can  the  orbits  of  the  planets 
suffer  no  sudden  change,  but  they  can  neither  suffier  a 
great  change  nor  a  permanent  change. 
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We  might  dwell  much  farther  on  the  importance  ot 
the  Son's  influence  as  the  most  massiTe  portion  of  the 
scheme  of  which  he  is  the  centre.  On  the  one  hand  we 
might  point  to  the  possibly  even  vital  importance  of 
the  action  which  causes  the  terrestrial  equinoxes  to  cir- 
cuit the  ecliptic  in  tticir  grand  precesaional  year  of 
25^68  solar  years,  or  of  the  slowly-exerted  influence 
which  changes  the  eccentricity  of  the  Earth's  oibit. 
It  is  very  far  from  unlikely  that  but  for  these  influences 
the  Earth  would  long  since  have  been  rendered  unfit, 
through  a  species  of  ezfaanation,  for  being  the  abode  of 
living  creatures.  But  as  it  is,  continents  become 
oceans,  and  oceans  continents,  one  hemisphere  inter- 
changes with  another  the  office  of  supplying  the  chief 
proportion  of  land  surface ;  activity  is  followed  by  rest 
and  rest  by  activity ;  and  so  through  countless  cycles 
this  globe  has  been  and  will  continue  to  be  a  fit  abode 
for  innumerable  i^aoes.  On  the  other  hand,  we  might 
dwell  on  the  influence  which  the  Sun's  mighty  attrac- 
tive influences  exert  in  gathering  in  from  all  sides 
abundant  supplies  of  motive  energy,  to  recruit  it  may 
well  be,  his  seemingly  exhanstless  stores  of  heat  and 
light  and  chemical  activity. 

But  without  dwelling  further  in  this  place  on  themes 
of  which  some  will  find  a  place  in  other  chapters,  while- 
others — interestiDg  and  fascinating  though  they  be — 
must  yet  be  regarded  as  lying  outside  the  range  of  our 
Bobject,  let  us  proceed  at  once  to  consider  what  the 
Sna's  true  influence  is,  by  virtue  of  that  principle  of 
gravitation  which  causes  every  particle  of  his  mass  to 
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aid  in  attracting  all  bodies  within  the  sphere  of  his 
influence. 

In  one  sense  it  may  be  said  that  the  sphere  of  the 
Sun's  influence  is  all  space.  [_According  to  the  present 
conceptions  of  the  power  of  gravitation,  there  is  no  par- 
ticle of  matter  throughout  the  whole  universe  which 
does  not  feel  the  attractive  influence  of  the  Sun_(a8 
indeed  of  every  particle  of  matter).  But  to  all  intents 
and  purposea  the  Sun's  reign  may  be  regarded  as 
limited.  His  inflnence  on  the  stars  is  not  merely 
minute  so  far  as  the  amotuit  of  motion  it  is  capable  of 
producing  in  any  given  interval  is  concerned,  but  it  is 
to  be  regarded  as  the  inflnence  of  a  peer  among  peers, 
not  of  a  king  over  his  subjects.  The  results  of  the 
mutual  attractions  of  the  stars  may  be,  and  doubtless 
are,  of  the  utmost  importance,  but  they  do  not  belong 
to  the  history  of  the  Sun  as  a  ruler.  On  every  side, 
then,  the  Sun's  rule  is  limited — for  in  all  directions 
there  are  stars,  and  the  sphere  over  which  each  star 
rules,  is  as  definite  as  that  governed  by  the  sun,  bo 
that  in  each  direction  we  come  upon  regions  where  hiB 
influence  is  subordinate  to  the  influence  of  some  other 
orb." 

*  It  is  sometimes  said  that  a  body  like  a  comet  can  pssa  from  the 
sway  of  one  BUr  to  eome  ponDaaentlj  under  the  dominion  of  oor  Sun  or 
of  another  star,  and  viatverid;  but  setting  aside  the  case  of  iDterferencr 
with  such  »,  bodjT  through  the  action  of  a  planet,  or  bj  reason  of  atmo- 
sphene  Tesistauce  neet  the  Stm,  or  the  like.this  can  never  happwi.  For 
let  OS  suppose  that  a  comet  is  paMing  &om  the  sphere  of  one  star's 
influSDce  tn  that  of  the  Sun's.  Then  it  cannot  be  moving  on  a  dosed  orbit 
aroond  the  Sun,  at  this  time,  for  if  so  it  is  already  subject  to  the  solu 
dominion,  contrary  to  our  ■nj^KwiUon.  It  must  then  be  tiavelling  on  ■ 
hjprrbolic  or  parabolic  orbit  around  the  Sun  and  so  must  ereDtually  p*» 
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But  it  is  desirable  to  know  -what  sort  of  influence 
the  Sun  would  exert  even  at  distancea  beyond  the 
limits  of  hia  direct  control.  Let  us  set  ourselves  to 
form  adequate  conceptions  of  the  Sun's  energy  of 
gravitation. 

The  measure  of  all  gravitation  ia  that  force  which 
the  EartJi  exerts  as  we  know  to  draw  bodies  to  her 
surface.  AVe  must  therefore  first  ascertain  what  pro- 
portion the  energy  of  the  Sun's  attraction  bears  to  that 
familiar  attraction  exerted  by  the  £arth. 

For  this  purpose  we  may  proceed  either  directly  by 
comparing  the  amonnt  of  velocity  which  the  Earth's 
attraction  communicates  to  falling  bodies,  with  the 
actoa]  motion  towards  himself  which  the  Sun  causes 
in  the  case  of  any  planet ;  or  indirectly  by  comparing 
the  motion  of  any  planet  round  the  Sun  with  the  Ittoon's 
motion  round  the  Earth.  I  select  the  second  method 
ns  being  the  simplest.*     I  adopt  also  a  way  of  apply- 

vholl;  avsy  &om  bis  dommioo.  It  folltivs  that,  setting  luidp  the  aIk»'«- 
mi>DtioDed  inflnencss,  ft  comst  which  IraTeU  in  an  nnctosed  orbit  round 
one  st»r  CftU  never  trovel  \b  a  dosed  orbit  round  any  star,  hut  will  con- 
tinue to  flit  from  staf  to  star  throogh  &11  time. 

■  It  is  worthj  of  notioe,  however,  that  the  other  method,  though 
■eldom  apphed,  is  in  effect  quite  ai  arailable  as  the  tneibod  in  which 
Rfereuce  ia  made  to  the  Moon'a  motion.  ThuB  w«  know  that  in  one 
second  a  bod;  &lla  abant,  16'1  feat  towards  the  Earth,  acqniriag  a  velo- 
citj  of  twice  this  nnmber  of  feet,  or  32'2  feet  per  aecoDd.  Kow  the 
Earth  drcnits  the  Snn  at  a  rate  of  about  eighteen  miles  per  Becond,  and 
■nppo«)iig«<'(flg.  19)  lo  r«pre8ent  this  distance  on  thp  orbit  ««"  b,  then 
CL,  obtained  b;  drawing  a  perpendicular  from  e*  on  the  diameter  «  s  e, 
repre«enta  the  amount  b;  which  in  effect  the  Earth  has  been  drawn  to- 
wards 8,  and*  velocity  af  twice  fLperiecond  measures  the  Son's  gravity 
at  the  distance  se.  Bnt  byEuclid  ri.  8,  ei!  Is  a  mean  proporcionAl 
between  ei-andeB;  in  other  words,  ei.iieqiml  to '-'    '  ;  aodtherefore 


ing  it  by  which  certain  difficulties  of  c«Micept>on  tie 
removed. 

The  Earth  at  a  distance  from  the  Moon  of  aboot 
238^00  miles  has  power  to  change  the  direction  of  the 
MfMm's  motion  through  four  right  angles  in  27'323 
days,  the  Moon  mo^-ing  in  her  orbit  rotmd  the  Earth 

llii-  flno'*  gnititj  at  e  Lfl  meainred  bj  m  Telocity  of  '"  "    p»r    Hcwd. 

nrin  feet  <'*>'"''" 


%  n  a  diatanct  rqul  to  th^  Eutk'i 
laas  collect 

n  fvrcu  reprettntcd  by  a  veloeitj  of  aboat  ^ 


ridiiu, the  F<iiii  (suppMiiig  allhia  mass  collMt«d  at ooe  point)  vinild  nrrt 
1760  K  3  x  91^.000 
(4.0tH)y 

int  per  irconJ,  ithkh  rrdocei  to  9,783,180  ftrt  (or  nboat  I,S53  mOn 
piT  second).    CompariDg  thia  with  the  inpasore  of  the  forcv  of  torts- 


Fw.  le. 


Iriiil  Kratity,  or  32-2  fMt,  \re  eee  Ibat  tbe  Sun's  mass  must  be,  aceotdiiie 
to  thia  rough  proceBs,  fully  300,000  time*  as  great  aa  tbo  Eaith'i.  A* 
II  mattsroffkctit  issBtimatodat  315,0(10  timm  theEartb's,  ai«anlt«B 
Hliiinld  harp  closely  approximated  to  Iiad  we  taken  the  Earth's  ladiiual 
3.960  initrad  of  4,000. 

The  following  general  theorem  is  often  aeeftil.  Take  r  the  Earth's 
rivlius,  I  her  mass  sod  g  terreBtrial  gravity,  k  the  nuJios  of  a  ciiculsr 
nrhic  dpicribed  by  a  body  of  mass  m,  About  a  Isrgrr  body  of  mass  M 
with  Telocity  v  (in  feel  per  second).  Then  the  attraction  between  th* 
liodiei,  or  the  gravity  of  m  towards  h,  ie  represented  by  the 
''  and  the  mass  a  +  m  is  equal  U 
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with  a  velocity  which  we  may  represeot  by  ?^." 
Now  the  Sun  at  a  distance  from  the  Earth  of  aboat 
91^00,000  mile*  Haa  power  to  change  the  direction  of 
her  motion  through  fonr  right  angles  in  365*256  A»,yi, 
the  Earth  moving  in  her  orbit  with  a  Telocity  which  we 
may  represent  by  '^^.  Now  clearly,  since  gravity 
varies  inversely  as  the  square  of  the  distance,  the  Sun 
would  require  (were  other  things  equal)  to  have  an 
attractive  power  greater  than  the  Earth's  in  flie  ratio 
('nsSD'  *o  produce  the  same  effect  on  her  that  she 
produces  on  the  Moon ;  and  secondly,  since  to  change 
the  direction  of  a  body's  motion  through  any  angle  is  a 
work  which  will  be  done  at  a  rate  proportioned  to  the 
force  which  operates,  it  is  clear  that  the  Sun's  attractive 
power  would  have  (were  other  things  equal)  to  be  less 
than  the  Earth's,  in  the  ratio  ^^,  to  accomplish  in  one 
sidereal  year  what  the  Earth  accompUshes  in  one 
synodical  month  ;  while  lastly,  since  the  faster  a  body 
moves  the  greater  the  force  necessary  to  deflect  its 
course  tlirough  a  given  angle,  it  is  obvious  tliat  the 
Sun's  attractive  power  would  have  (were  other  things 
equal)  to  be  greater  than  the  Earth's  in  the  proportion 
6f '^^  to  -§^ that  is,  in  the  ratio  '^S^Ss^— to. 

{sa  ID  th«  ease  of  ths  Etrth  compared  vith  the  San),  and  the  radimi 

of  the  larger  masa  is  p,  then  gravitj  at  the  surEice  of  the  la^er  mas*  is 

,  .     e».B 
rqnal  to  — ,-■ 

*  We  need  not  trouble  ounelTeB  to  determine  the  velocity  in  miles 
per  lecond,  or  minute,  or  hour ;  because  relatire  and  not  absdate 
Telocitiea  are  in  question.  Epnce  ve  can  repnaent  the  Moon'i  ritlociCy 
br  the  radios  of  hrr  orbit  divided  1);  the  period,  provided  *e  represeni 
the  Earth's  velodty  in  like  manner. 
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produce  a  giveD  change  on  the  quickly  moving  Earth  in 
the  same  time  that  the  Earth  produces  such  a  change 
on  the  less  swiftly  moving  Moon,  -  Now  we  have  only 
to  combine  these  three  proportions,  which  take  into 
account  every  circumstance  in  which  the  Sun's  action 
on  the  Earth  differs  from  the  Earth's  action  on  the 
Moon,  in  order  to  deduce  the  relation  between  the 
Sun's  real  attractive  energy,  and  the  Earth's  (at  equal 
distances  from  the  centre  of  either).  This  gives  the 
proportion  '^^  x  ^^,  which  reduces  to  314,798,  in 
which  proportion  the  Sun's  mass  exceeds  the  Earth's. 
"We  may  take  315,000  (the  value  given  in  tables  of 
the  elements)  as  representing  in  round  numbers  the 
true  proportion,  which  as  it  depends  on  the  Sun's 
distance,  cannot  be  determined  so  accurately  that  the 
last  three  figures  of  the  number  can  he  regarded  as 
significant. 

At  equal  distances,  then,  the  Sun  exerts  315,000 
times  as  much  force  on  any  body  as  the  Earth.  So 
that  if  the  Earth's  mass  were  as  great  as  the  Sun's,  her 
dimensions  remaining  unchanged,  a  mass  which  now 
weighs  one  pound,  would  weigh  more  than  14J  tons. 
A  man  now  of  avenge  weight  would  be  crushed  down 
by  a  weight  of  more  than  20,000  tons.  A  body,  if 
raised  but  a  single  inch  and  let  fall,  would  strike  the 
ground  with  a  velocity  three  times  as  great  as  that  of 
the  swiftest  express  train. 

But  now  that  we  have  thus  ascertained  the  propor- 
tion which  the  Sun's  attractive  energy  bears  to  that 
exerted  by  the  Earth,  and  so  are  able  to  measure  the 
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Sub's  might  as  ruler  over  his  system  by  direct  com- 
parieun  with  the  familiar  force  of  terrestrial  gravity,  we 
must  endeavour  to  form  an  estimate  of  thtj  extent  of 
force  exerted  by  the  Sun  at  different  distances.  We 
are  to  inquire  what  are  the  limits  of  the  Sun's  effective 
reign,  not  as  regards  distance  alone,  but  as  regards 
also  the  activity  of  matter, — that  ia,  the  velocity  with 
which  it  is  travelling. 

We  may  begin  with  the  Earth.  We  know  that  the 
fiarth  is  completely  subject  to  the  Sun's  attraction. 
Notwithstanding  the  inconceivable  velocity  with  which 
she  moves,  and  therefore  the  inconceivable  energy  of 
the  tendency  she  has  to  travel  onwards  in  a  right  line 
and  so  to  free  herself  from  the  Sun's  control,  she  is 
compelled  to  travel  in  a  nearly  circular  course  around 
him.  At  one  time  her  velocity  has  reached  its  maxi- 
mum and  she  has  power  for  awhile  to  increase  her 
distance  &om  the  Sun.  But  she  has  derived  that  very 
power  from  him.  Anon  her  speed  is  reduced  to  its 
minimum,  and  then  she  is  compelled  slowly  to  ap- 
proach the  ruling  centre.  But  throughout  her  course 
there  is  one  constant  relation  from  which  there  is  no 
escape.  The  Earth's  velocity  and  distance  are  the  two 
quantitiee  which  measure  the  extent  of  the  Earth's 
partial  ireedom.  When  one  is  reduced,  the  other  is 
increased,  and  vice  versA,  in  such  sort  that  there  is 
absolutely  no  change  in  her  condition  regarded  as 
depending  on  these  two  combined  relations.  The  one 
law  from  which  there  is  no  escape,  let  distance  and 
velocity  change  as  they  may  during  the  Earth's  circuit 


around  the  Sun,  is  that  her  period  of  revolution  con- 
tinues uDchangeabie, — and  therefore  her  mean  distance 
also.* 

We  may  then  take  the  Earth's  mean  distance  as 
measuring  her  freedom  from  complete  solar  control — 
complete  control  being  understood  to  be  such  an  over- 
whelming influence  on  the  Earth  as  would  force  her  to 
fall  directly  upon  the  Sun.  And  while  the  Earth's 
mean  distance  thus  measures  her  partial  freedom,  the 
shortness  of  the  period  in  which  she  completes  her  circuit 
measures  the  amount  of  the  Sun's  power  over  her.  Her 
mass  may  be  regarded  as  having  nothing  to  do  with 
either  relation.  Increase  of  mass,  so  far  aa  it  would  be 
effective  at  all,  would  tend  to  increase  the  strength  of 
the  bond  uniting  the  Earth  and  the  Sun,  and  to 
diminish  the  period  of  the  Earth's  circuit.  But  re- 
membering that  the  Earth's  mass  is  a  very  minute 
fraction  of  the  Sun's,  it  may  be  disregarded  wholly. 
A  body  no  larger  and  heavier  than  a  peppercorn,  if 
projected  with  tlie  same  velocity  and  on  the  same 
course  as  the  Earth  would  continue  to.  travel  in 
precisely  the  same  path  and  period  around  the  Sun. 

We  have  next  a  law  for  our  guidance  which  is  of 
a  very  remarkable  character,  and  the  recognition  of 
which  will  be  found  to  throw  a  most  important  light 

•  Or  we  miij  say  in  preference  that  the  one  law  from  «hkli  there  is 
no  escape  is  the  law  connecting  the  Earth's  Telocity  y  at  any  time,  with 
her  dittanee  b  tram  thi  Sun  at  that,time,  apd  a  certain  fixed  qnantit;  a 
which  is  hpi  mean  dietance.    This  law  ia  thus  eipieued  mathematically: 

T*— f  ( y,  where  fiis  the  a«c«lerstiiig  force  of  the  Snn  at  the  miit 

of  distance. 
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on  all  ihb  relataons  of  the  planetary  scheme.  It  ib  this : 
Given  the  distance  of  a  body  from  the  Sun,  and  the 
veloiMty  with  which  the  body  is  travelling,  then — let 
the  course  of  the  body  be  what  it  may  (so  long  only  as 
it  does  not  bring  the  body  into  actual  contact  with  the 
Sun),  the  period  of  the  body's  revolution  is  assigned. 

The  Earth's  greatest  velocity  and  her  least  corre- 
spond therefore — as  truly  as  her  mean  velocity — with 
her  period;  and  further,  we  need  not  trouble  ourselves 
about  the  direction  of  her  motion  at  any  time,  for  if  this 
direction  were  altered  by  the  action  of  some  external 
force,  while  yet  her  velocity  remained  unchanged,  she 
would  continue  to  travel  in  the  same  periodic  time 
around  the  Sun,  and  at  the  same  mean  distance. 

So  that  if  we  take  the  Earth's  greatest  velocity  when 
she  is  in  perihelion  (18-5  miles  per  second),  we  have  the 
velocity  which  is  necessary  in  order  that  a  body  about 
90,000,000  miles  from  the  Son  may  travel  once  in  a 
year,  or  at  a  mean  distance  of  91,500,000  miles,  round 
the  sun ;  and  if  we  take  her  least  velocity  (17-9  miles 
per  second)  when  she  is  in  aphelion,  we  have  the 
velocity  which  is  necessary  in  order  that  a  body  about 
93,000,000  miles  from  the  Sun  may  travel  once  in  a 
year  round  the  Sun  ;  while  l^e  Earth's  me^  velocity 
(18*2  miles  per  second)  at  her  mean  distance  is  the 
velocity  necessary  in  order  that  a  body  at  that  distance 
may  have  a  period  of  one  year. 

We  will  now  take  only  the  mean  distance  and  the 
mean  velocity.  We  see  that  at  a  distance  of  91,500,000 
miles   a  body  requires  a  velocity  of  18*2  miles  per 
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second  if  it  is  to  httve  a  mean  distance  of  the  same 
amount  So  that  clearly  if  it  were  projected  square 
to  a  line  from  the  Sun  it  would  never  change  its  dis- 
tance ;  for  it  would  have  exactly  the  right  velocity  and 
exactly  the  right  direodon  for  travelling  in  a  circle 
around  the  Sun.  The  Eartii  when  at  tiiis  distance, 
though  travelling  with  the  right  velocity  for  the 
required  mean  distance,  is  not  travelling  square  to  a 
line  from  the  Sua,  and  bo  does  not  travel  in  a  circle 
around  him.  But  we  have  learned  from  her  motion 
what  is  the  just  rate  at  which  a  body  should  be  pro- 
,  jected  so  as  to  travel  in  a  circle  round  the  Sun  at 
adbtanee  of  91,500,000  miles. 

Now  how  much  must  this  velocity  be  increased  in 
order  to  enable  a  body  at  this  distance  of  91,500,000 
miles  to  pass  wholly  from  the  control  ai  the  sun  ?  If 
we  can  determine  this  we  shall  have  determined  the 
limits  of  the  Sun's  influence  at  this  particular  distance. 
Over  bodies  moving  with  a  velocity  below  that  limiting 
velocity  he  is  completely  master;  let  them  travel 
onwards  as  they  may,  increasing  their  distance  from 
him  more  and  more,  there  is  yet  a  limit  to  this  increase. 
Their  absolute  velocity  will  become  less  and  less ;  it 
will  become  at  last  such,  that  if  their  direction  of 
motion  were  but  changed  they  would  thenceforth  con- 
tinue to  describe  a  circle  around  the  Sun ;  still  it  will 
go  on  diminishing,  until  at  length  they  reach  their  ex- 
treme range  of  distance,  after  which  they  will  be 
brought  back  through  all  the  orders  of  distance  they 
have  passed  through,  and  finally  return  to  the  place 
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they  started  from,  to  pursue  the  same  round  for  ever. 
But  if  their  Telocity  do  but  equal  or  exceed  the  limit 
we  are  dealing  with,  they  will  travel  onwardB — with 
ever-diminishing  velocity,  it  is  true,  but  still — with 
ever-increasing  distance,  ybr  ever. 

It  might  be  supposed  that  a  very  great  increase  of 
velocity  would  be  required  in  order  that  the  Earth 
should  be  thus  (unfortunately  for  her  inhabitants)  re- 
leased from  the  Sun's  service  and  sent  to  wander  freely 
through  space.  But  in  reality  it  would  not  even  be 
necessary  that  her  velocity  should  be  doubled;  an  in- 
crease by  one  half  would  be  more  than  su£Bcient  to  free 
the  Earth  for  ever  from  enforced  periodic  revolution 
around  the  centre  of  our  planetary  scheme.  The  exact 
proportion  of  increase  necessary  to  effect  this  is  repre- 
sented by  the  proportion  in  which  the  di^onal  of  a 
square  exceeds  the  side,*  which  we  know  to  be  repre- 

■  Tbe  foUowiag  •irnple  {brroal&  oooTaaientlj  expressw  the  nlaliou 
betveea  the  mean  dirtancM  a  and  n*  of  bodies  which  ita  distance  rbraa 
the  San  aie  tnTelliog  with  the  TpJocitiea  v  fttid  tf  reapectirelj  ; 
a'(2<i-r):a(Bo'-r)::  v' :  if'. 

Now  luppodiig  the  Telocitj  t>  to  be  such  thai  a  circle  won]d  be 
deacribed  about  th«  centre  of  motion,  if  the  body  tnrelled  vquoM  to  the 
line  iroBX  that  centre,  then  obTiou^lj  a  i«  equal  to  r  ;  bo  that  the  above 
relation  becomea 

and  therefore 

ii':r::o':2ii"-ti". 

Now  clearly  if  we  incroMe  tf  natU  if*  ii  equal  to  Ko*,  we  make  the  fourth 
term  gndually  diminiah  until  it  Taniahea;  eo  that  the  thinl  at  liiet 
baara  an  inflnitelj  great  proportion  to  the  fourth.  But  in  this  case 
the  firat  will  bear  an  inflnitel;  great  proportion  to  the  aacond :  in  other 
woidi,  a*  will  be  in&sitelj  great.  Hence  the  period  of  the  body  irill 
have  become  also  infinite  (by  Kepler's  third  taw) :  or  in  other  vofda  the 
body  will  neTec  return  to  its  Btarting-plscs.     Therefore,  it  follows  that 
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sented  numerically  by  the  proportion  in  which  1414 
(pretty  nearly)  exceeds  1000. 

So  that  if  the  Earth  when  at  her  mean  distance  had 
her  velocity  suddenly  increased  from  18'2  miles  per 
second,  to  25'7  miles  or  thereabouts,  we  should  be 
carried  thenceforth  continually  farther  and  fartlier  away 

if  u  be  the  velocity  vith  vhjch  a  body  vill  describe  n  circle  at  a 
distance  r  &om  the  Sod,  the  greatest  poaeible  velocity  which  a  bodv 
cu)  h&Te  at  a  distftnte  r  fram  the  Sun,  bo  aa  to  travel  os  s  elowd  orbit 
around  him  ia  VV2;  and  if  a  body  ie  observed  to  travel  with  any 
greater  velocity  at  such  a  dietance  we  know  with  certainty  that  that 
body  has  entered  the  domuD  of  the  Son,  with  a  velocity  imparted  to 
it  by  eitni-BolBT  influencea. 

If  in  the  above  proportion  t/*  is  greater  than  2v',  we  aee  that  o' 
mtiat  have  a  negative  value.  This  means  that  the  centre  of  the  path 
described  by  the  body  lies  in  the  direction  contrary  to  that  in  which 
the  Sun  lies.  And  knowing  that  the  path  must  needs  be  a  conic  section 
with  the  Sun  in  a  focus,  it  follows  that  the  path  of  the  body  most  be 
hyperbolic,  the  Sun  lying  at  that  focus  which  is  next  to  tlie  branch 
traversed  by  the  body. 

Of  course  in  this  case  as  in  the  former  the  body  will  never  relurn. 
But  there  is  a  noteworthy  distinction  between  the  two  eases.  When  the 
mis  of  the  orbit  is  iuGuite,  the  body  describes  a  parabola,  and  if  it 
could  be  traced  ttam  t^e  Sun  as  it  approached  &om  an  indefinitely  great 
distance  to  its  nearest  point  and  then  passed  away  again  to  an  infinitely 
great  diatonce.  the  point  to  which  it  eeemed  tiipass  away  would  be  pre- 
cisely the  same  as  that  from  which  it  seemed  to  come,  and  these  coinci- 
dent points  would  lie  directly  opposite  tbe  point  of  nearest  approach. 
(This  is  obvious,  because  if  lines  be  drawn  from  the  focus  of  the 
parabola  to  two  points  of  the  curve  equally  and  enorniously  removed 
from  the  vertex,  these  lines  will  enclose  an  indefinitely  small  angle 
and  will  approach  indeBniteJy  near  to  coincidence  with  the  axis.)  Uii 
tbe  other  hand,  a  body  approaching  and  then  passing  away  on  a  hyper- 
bolic  orbit  will  seem  to  come  from  one  point  of  the  heavens  and  to  pABt^ 
away  to  a  different  point,  the  bisection  of  tbe  celestial  arc  between  these 
points  lying  directly  opposite  the  point  at  which  the  body  makes  its 
nearest  approach;  and  for  a  givrn  distance  of  this  nearest  point,  the  arc 
separating  the  two  former  will  be  the  greater  as  the  velocity  of  the  body 
when  at  its  nearest  is  greater  ;  becoming  equal  to  two  right  angles  when 
this  velocity  is  inflnitely  great. 
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from  the  light  and  life  of  the  planetary  scheme.  From 
Mara  aod  Jupiter,  and  perchance  from  Saturn,  Uranus, 
and  Neptune,  the  unhappy  career  of  the  Earth  might 
be  traced  for  many  a  long  year  (though  years — at  least 
terreatrial  ones — ^would  then  be  no  more).  But  long 
before  the  Earth  crossed  the  confines  of  those  distant 
regions  along  which  the  outer  planets  pursue  their 
career,  all  the  higher  forms  of  life  would  have  vanished 
from  her  surface.  She  would  still  rotate ;  day  and 
night  would  still  succeed  each  other  on  her  surface ; 
but  the  orderly  sequence  of  the  seasons  would  be  re- 
placed by  the  continual  diminution  of  solar  light  and 
heat,  until  a  cold  more  intense  than  that  of  the  bitterest 
Arctic  winter  would  bind  the  world  in  everlasting  frost. 

A  nmilar  fate  would  befall  us  if  the  Sun'a  mass 
were  suddenly  reduced  in  the  proportion  of  about  1,000 
to  1,414  ;  the  only  difference  being  tiat  in  this  case  we 
should  have  companions  in  our  troubles,  for  Mars  and 
Venus  and  Mercury  would  all  forthwith  start  on  para- 
bolic paths,  carrying  them  away  to  infinite  distances 
from  the  Sun.  Nor  would  the  larger  planets  escape. 
From  their  distant  orbits  they  would  rush  off  into 
outer  space,  carrying  their  systems  of  satellites  witii 
them ;  so  that  if  I  have  been  right  in  regarding  these 
orbs  as  acting  the  part  of  secondary  suns  to  their  satel- 
lites, the  latter  would  be  less  unfortunate  in  their  fate 
than  the  four  minor  planets,  for  these  would  have  no 
Bun  at  all,  while  the  former  would  still  enjoy  such  heat 
and  light  as  their  ruling  centres  could  supply  to  them. 

It  is  not  without  a  purpose  that  I  have  thus  dwelt 
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on  the  general  result  of  a  sudden  diminution  of  the 
Sun's  mass.  The  conaideration  that  all  the  planets 
would  thus  at  once  be  freed  from  their  all^iance  if  the 
Sun's  mass  were  reduced,  leads  us  to  the  consideration 
that  each  planet's  Telocity  need  hut  be  increased  in 
the  proportion  of  about  1,414  to  1,000,  to  lead  to  a 
similar  result.  And  thus  we  see  that  the  Sun's  in- 
fluence at  the  distances  of  the  succesBive  planets  is 
limited  to  the  control  of  bodies  moving  with  a  velocity 
bearing  such  a  relation  to  the  Telocity  of  the  respectiTe 
planets.  So  that  we  have  tmly  to  draw  up  a  table  of 
the  distances  and  mean  Telocities  of  the  planets,  and 
to  increase  the  latter  quantities  in  the  proportion  of 
about  1,414  to  V,000,  in  order  to  have  a  representation 
of  the  gradual  diminution  of  the  Sun's  influence  at 
greater  and  greater  distances.  The  table  runs  thus : — 


flMMt 

Ittudirtuain 

MHtol/WO 

^r^:  : :  : :  : 

Th«  Ewtli 

ju™.    ...... 

The  AWeroidB .    .    .    . 

Jupiter 

Swuum 

UranoB 

Noptnne 

36,3e2,0(» 
M,ia4,000 
61.430,000 
136,311,000 
260,000,000 
476.692,000 
872,137,000 

i,7fis,8ee,ooo 

2,746,968,000 

283 
21* 
18-3 
H-1 
110 
8-0 
6-6 
42 
3-3 

41-* 
SO'3 
28-9 
20-8 

ie-6 

11-8 
S» 
6-9 
4-7 

We  see  irom  this  table  that  if  the  three  outermost 
planets  could  only  haTe  imparted  to  them  the  Telocity 
of  the  minor  planets,  they  would  be  freed  from  their 
allegiance  to  the  Sun,  and  pass  away  on  hyperbolie 
orbits.     But  with  the  exception  of  Uranus  there  is  no 


n,r,„.=-i>,  Google 


TSE  SUy  AS  RULEM,  83 

planet  which  would  be  thus  freed  (absolutely)  if  it  had 
imparted  to  it  the  velocity  of  the  uext  inner  one.* 

But  the  above  table  haa  only  been  presented  by 
way  of  introducing  k  more  general  law.  What  the 
table  teaches  us  respecting  special  distances  we  can 
determine  for  all  distances  from  the  Sun,  by  a  simple 
application  of  Kepler's  third  law  and  its  results. 

Thus,  suppose  we  wish  to  detennine  the  maximum 
velocity  which  the  Sun  can  control  at  a  distance  half 
that  of  the  planet  Mercury.     Then  the  law  that  the 

*  It  is  s  nthar  ringaUt  dreamilArtM  that  the  mtaimam  velocity 
which  the  San  on  eontrol  at  the  distance  of  any  one  of  the  fooc  oaler 
ploneta  ■hoqld  corrMpond  so  olosely  as  it  doea  irith  the  actual  Telocity 
of  ths  ptaoet  whose  orbit  lies  next  within.  We  see  that  if  Neptnna 
eoold  have  the  velodty  of  Urasua,  he  would  be  almost  irbollj  freed 
tram  his  all^iance  \  Uranus  would  be  just  freed  if  he  had  the  velocity 
of  Satoni ;  Saturn  would  be  almost  wholly  freed  if  he  bad  tbe  Telocity 
of  Jupiter  ;  while  Jupiter  would  be  almost  wholly  freed  if  he  hod  the 
Telocity  of  thoae  asteroidi  whieh  trarel  at  a  mean  distance.  And  there 
is  s  tendency,  though  less  marked,  to  the  same  relation  among  the 
remaining  planets.  Bememberiog  that  the  Telocity  a  planet'  would 
require  for  freedom  ia  that  with  which  a  body  approaching  on  a  para* 
bolic  orbit  &om  an  iaflnite  distance  would  pass  the  meaa  distance  of 
that  planet,  we  hate  throughout  the  solai  system  a  tendency  (very 
mailed  anong  the  onter  members)  to  this  remarkable  relation,  that  the 
Telocity  with  which  a  body  approaching  from  in&nity  woald  erosa  the 
orbit  of  any  planet  shonM  be  the  same  as  the  actual  Telocity  of  the 
next  inner  planet  It  need  hardly  be  said  perhaps  that  this  relatioa 
directly  icsalls  in  the  law  to  which  Bode's  law  appFoiimatea  for  the 
outer  planets.  Thus,  if  the  oatermost  planet  had  a  distance  d  and  a 
TeloatjT,  the  next  minor  pluiet  would  have  a  velocity  vv*!  corT»- 
sponding  to  •  mean  distance  ?,  and  «o  oti.    But  in  the  law  of  the 

dnplkatioD  of  tb*  distaoees  outwards  there  is  do  direct  physical  signifl- 
cance,  whereas  it  is  possible  to  conceiTe  that  the  law  as  presented  nboTe 
— that  is,  rsgaided  as  associated  with  the  Tclocitiee — may  be  associated 
also  with  the  proceMee  by  which  the  solai  ^tem  haa  reached  its  pre- 
sent conditioii. 
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cubes  of  the  distances  are  as  the  sqaares  of  the  periodic 
times  shows  ua  that  the  period  of  a  planet  at  sucli  a 
distance  would  he  to  Mercuiy's  as  1  to  the  square  root 
of  8  (or  twice  the  square  root  of  2).  Since,  then, 
the  actual  circuit  of  such  a  planet  would  be  half  that  of 
Mercury,  its  velocity  would  exceed  Mercury's  in  the 
proportion  which  the  square  root  of  2  bears  to  1,"  or 
about  1,414  to  1,000.  This  would  correspond  to  a 
velocity  of  41*4  miles  per  second;  and  the  greatest 
velocity  the  Sun  could  control  at  this  distance  would  be 
obt^ed  by  increasing  this  velocity  of  41*4  miles  per 
second  in  the  proportion  of  1,414  to  1,000.  It  would 
therefore  be  59"6,  This  shows  how  we  can  measure 
Uie  Sun's  controlling  energy  for  any  distance.  But  it 
also  establishes  a  very  important  general  relation.  It 
appears  that  when  we  halve  the  distance,  we  liave,  in 
order  to  determine  the  velocity  which  the  Sun  can 
control,  to  increase  the  velocity  at  the  greater  distance 
in  the  proportion  of  about  1,414  to  1,000.  And  there- 
fore when  we  take  one-fourtli  of  the  distance,  we  must 
increase  the  velocity  twice  in  this  proportion.  But 
this  amounts  to  doubling  the  velocity,  since  this  pro- 
portion is  that  of  the  square  root  of  2  to  unity. 
Hence  we  have  this  general  rule,  that  the  velocity 
which  the  Sun  can  control  is  doubled  when  the  distance 

*  Tbii  illustrateB  th«  general  Uir  th&t  if  t<ro  plsnets  hare  mean 
distances  <i  and  ^  TMpcctivelf,  and  mean  Tslodtiei  e  and  v' respective)}'. 

Clearly  this  is  so,  ainee  the  periodic  times  are  as  ^  t«  ^1,  and  the 
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is  reduced  to  one-fourth,  and  we  can  see  at  once  how 
enonnoualy  the  velocity  must  increase  in  the  Sun's 
immediate  neighbourhood.* 

Thus,  at  a  distance  of  8,848,000  miles  (one-fourth 
that  of  Mercury),  the  velocity  the  Sun  can  control,  so 
as  to  compel  a  body  to  move  in  a  closed  orbit  around 
him,  18  82-8  miles  per  second ;  at  a  distance  of  2,2 12,000 
miles  it  is  165*6  miles  per  second;  at  a  distance  of 
553,000  miles  it  is  33 1  "2  miles  per  second.  But  this 
brings  us  very  close  to  tlie  Sun's  surface — since  it  is 
from  his  centre  all  our  distances  are  measured — and  his 
radius  is  about  426,450  miles.  The  actual  velocity  at 
his  surface — that  is,  the  velocity  which  he  could  just 
control  so  as  to  compel  a  body  to  travel  in  a  closed 
orbit  just  touching  his  surface — is  easily  obtained  from 
the  formula  given  in  the  preceding  note.  It  is  no  less 
than  378-9  miles  pa"  second ;  and  this  is  the  least  velo- 
city with  which  a  body  must  be  projected  from  the  Sun 
in  order  that  it  may  never  return  to  his  globe  again. 

■-  It  need  hudljrbe  said  that  this  mult  might  hxte  breo  obtained 
dlKCtly  from  B  coDaideration  of  the  Uw  aorording  to  irhich  gravity 
diminiBhea  with  diatanee.  Bat  apart  fnim  the  lact  that  the  mere  drj 
reawming  bj  which  the  tenilt  vonld  bare  beeo  eMabliahed  innild  hare 
had  little  intcraot  to  the  general  reader,  tlie  particular  path  which  I 
hare  aelacted  to  follow  haa  the  adraDtaga  of  introducing  a  number  of 
independent  nlationa,  and  of  ihowing  bow  the  variona  matters  dealt 
with  bear  upon  each  other  and  upon  the  general  iatiject  of  tie  chapter. 

The  general  law  connecting  distance  with  the  velocity  which  (he  Sod 
caa  eontrol  ia  aa  followa : — Let  d  represent  the  Earth's  mean  distance ; 
0  ha  velodtj  St  that  diatance  in  milea  per  second ;  D  any  other  dis- 
tance. Then  the  Ti'locity  which  the  Sat)  can  control  (n>  as  to  eompel  a 
body  to  trarel  in  a  closed  orbit  round  him)  at  a  diatance  n  ia 
..Ad 
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Thiw  the  SuD,  which  at  the  distance  of  Neptune  can 
control  a  velocity  of  but  4*7  miles  per  second,  can 
control  close  hj  hie  own  surface  a  velocity  eighty  timea 
as  great.  At  a  distance  four  times  as  great  as  Xeptune's, 
a  velocity  of  2*4  miles  per  second  would  suffice  to 
enable  a  body  to  pasa  away  to  an  infinite  distance  from 
the  Sun.  But  even  this  velocity  is  enormous  and  almost 
inconceivable.  If  we  seek  to  know  in  what  regions 
the  Sun  could  barely  control  velocities  such  as  we  are 
familiar  with  (by  which  I  mean  such  velocities  as  the 
eye  can  appreciate,  not  velocities — as  of  cannon  balls 
or  the  like — which  we  speak  of  without  appreciating) 
we  shall  find  that  such  regions  lie  at  enormous  dis- 
tances. A  body  moving  at  the  rate  of  our  swiftest 
express  trains  (say  60  miles  per  hour)  would  be 
compelled  to  travel  in  a  closed  orbit  around  the 
Sun  unless  its  distance  from  him  were  no  lees  than 
220,507,500,000,000  miles,  a  distance  some  ten  or 
twelve  times  exceeding  that  of  the  star  Alpha  Cen- 
tauri.* 

^'e  have  seen  that  the  Sun  can  control  the  motJons 
of  a  body  travelling  with  a  velocity  of  less  than  378*9 
miles  per  second  close  by  his  surface  in  such  sort  as  to 
compel  that  body  to  travel  in  a  closed  orbit  around  him, 

■  At  half  thia  distance  a  planet  IraTelling  ia  t  circle  cound  the  Sun 
vould  hare  ■  telocit;  equal  to  that  of  on  eipress  train  ;  but  ii'  such  ■ 
planet  traT^lled  Id  the  plane  of  the  ecliptic  it  wontd  be  usable  to  com- 
plete a  ciicuit  Tound  the  Sun  on  account  of  the  diBturbing  iafluenc^s  of 
tbp  star  Alpha  Centauri.  which,  being  nt  only  one-filth  of  its  diatonce 
from  the  Sun,  ironld  lie  Dearer  to  «ome  part«of  iiicinmlaFOThit  than  tba 
Sun  doea. 
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always  comiDg  cloae  by  him  at  eacli  return.  That  is 
tbe  maximum  velocity  a  body  can  have  under  such 
circumstancea.  It  ia  also  the  greatest  velocity  a  body 
cao  acquire  ia  approaching  the  Sun,  under  his  attrac- 
tion alone,  from  an  infinite  distance  and  starting  from 
rest.  Now,  the  least  velocity  a  body  can  have  so  as  to 
travel  close  by  tbe  Sun  is  clearly  that  which  would 
allow  the  body  to  travel  in  a  complete  circle  around  the 
Sun  and  close  to  his  surface.  We  obtain  this  by  simply 
reducing  378*9  in  the  proportion  of  1,000  to  1,414;  the 
required  velocity  ia  therefore  268'0  miles  per  second." 
Such  are  the  limita  between  which  the  velocities  of  all 
bodies  travelling  around  the  Sun  so  as  jnst  to  graze  his 
surface  must  necessarily  lie-f     Nor  can  any  mass  reach 

■  It  maj  perhape  be  nsceunij  to  p<unt  ont  that  in  a  8tatem«iit  of 
this  lort,  2eS-0  u  not  ttriellf  tbe  same  u  268.  Tbe  farmei  impliea 
that  the  velocitj  lira  between SSSOS and  267'BS  ;  the  latter  would  implj 
that  the  Telocitjes  lie  between  268'5  and  267'6. 

t  It  inajt  be  interestiDg  to  ioquire  how  far  &om  the  Son  a  bod; 
voald  reach  if  projected  Terticall;  with  a  Telocity  which  would  jnat 
ra»bU  a  body  projected  horiEontally  to  complete  tbe  circuit  of  tbe  Sun. 
The  pioblein  is  eiceedinglj  eaay.  Such  a  body  would  more  aa  if 
traTelling  on  an  orbit  having  a  mean  distance  equal  to  the  sobir  radios. 
CoDceiTiDg  the  Son's  mus  all  collected  at  bis  eentn,  tbe  bod;  ironld. 
after  paising  to  its  gresteat  distance,  return  to  the  centre,  round  which 
it  wonid  circle  with  (for  a  moment)  an  in&nite  velocity,  and  so  return 
to  ita  aphelion.  The  aphelion  distance,  therefore,  from  the  centre  must 
be  equal  to  tbe  Sun's  diaireteF,  and  tbe  greatest  distaoce  attained  from 
tha  Son's  real  surface  must  be  equal  to  the  solar  radias,  or  more  than 
420,000  miles.  Tbe  rotation  is  not  here  considered.  It  would  not, 
however,  affect  tbe  distance  attained  by  the  body,  though  it  would 
•ffbet  the  real  path  by  which  that  distance  would  be  attained.  We  can 
in  tike  mumsr  determine  the  distance  to  which  a  body  projected  with 
aoj  other  velocity  would  reach.  For  ws  can  determine  by  mMDS  of 
tha  formula  ia  the  Dots  at  psgs  84  what  the  mean  distance  correspond- 
ing to  thia  velocity  at  inch  a  distance  from  the  Sun  would  bs,  atMl«o(aa 


()glc 


liim  from  without,  whether  gathered  directly  out  of 
Bpace  by  his  attraction,  or  reaching  him  afler  passing 
through  any  number  of  forms  of  orbital  motion  due  to 
the  perturbing  influences  of  the  planets,  with  a  velocity 
exceeding  376*9  miles  per  second,  unless  such  a  mass 
had  already  had  motion  communicated  to  it  before  the 
Sun  began  to  act  upon  it.  In  like  manner,  no  body 
can  reach  any  ^ven  distance  from  the  Sun  with  a 
velocity  greater  than  that  deduced  according  to  the 
above-discuBsed  consideratione,  as  the  limiting  velocity 
the  Sun  can  control,  unless  that  body  had  started  on 

berorc)  ire  can  detennine  the  greateit  height  Uttuned  b;  the  pn^ectile. 

But  (here  is  a  aimple  and  conreDient  formala  for  thii  pnipose,  thna  : 

Let  T  ba  the  velocity  of  projeotioD,  g  the  accelerating  force  of  gmTJty 
at  the  Snn's  surface,  s  the  Son's  redina,  and  h  tbe  beight  attuned  bj 
the  bod; ;  then 

If  the  readPT  prsfer  a  formula  in  which  the  quantitj^  does  not 
directly  appear— BO  ai  to  avoid  ihe  necrasity  of  oontideriog  the  value  of 
teneetrial  gravity  (from  which  g  is  deduced)  itieasured  with  reference 
to  feet  and  aMondi — we  can  easily  get  a  convenient  formula.     Thus,  we 


and  therefore  &om  what  haa  Jnat  1;een  shown  it  follows  that 


(a  mile  being  acppoted  to  be  the  unit  of  luigUi  ii 
second  tbe  unit  of  time).    Therefore,  dividing,  »c 


(vpiy  convenient  for  finding  v  when  h  is  given) ;  and  dnce  2 
is  equal  to  143,648,  we  have,  for  finding  n  when  v  is  given 
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its  journey  towards  the  Sun  witii  a  velocity  communi- 
cated beforehand,  and  by  the  influence  of  other  attract- 
ing orbs.  So  that  if  it  has  been  demonstrated,  as  many 
believe,  that  some  of  the  meteors  which  reach  our 
atmosphere  travel  through  it  with  a  velocity  greater 
than  2d'9  miles  per  second,  superadded  to  the  velocity 
with  which  the  Earth  meets  them  (which,  according  to 
the  direction  of  impact,  may  have  any  value  up  to  18"5 
miles  per  second),  then  that  body  comes  to  us  with  an 
intersidereal  velocity,  so  to  speak,  in  addition  to  such 
velocity  as  the  Sun  has  communicated.  For  example, 
if  a  meteor  penetrate  our  atmosphere  with  a  velocity 
of  50  miles  per  second,  coming  full  tilt  against  the 
Earth  when  she  is  near  perihelion,  then  5*6  miles  per 
second  at  least  of  that  velocity  was  communicated  to 
the  meteor  by  other  orbs  than  our  Sun. 

It  will  naturally  occur  to  the  reader  to  inquire  at 
this  point  what  is  the  least  velocity  with  which  a 
meteor  can  travel  when  at  the  Earth's  distance  from  the 
Sun.  For  clearly  if  meteors  moving  with  velocities 
exceeding  the  greatest  which  the  Sun's  attractive 
energies  can  give,  afford  information  of  an  extra-solar 
force  to  which  such  meteors  have  been  subjected,  so 
also  meteors  moving  more  slowly  than  any  which 
could  circle  around  the  Sun  would  have  to  be  regarded 
as  indicating  the  action  of  some  other  force  than  solar 
attraction.  !Now,  if  we  suppose  a  body  travelling  in 
the  Earth's  orbit,  and  as  fast  as  the  Earth,  to  have  its 
velocity  increased,  we  have  seen  that  its  orbit  must 
needs  have  its  greater  axis  iDoreased,  and  will  become 
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parabolic  if  the  increase  of  Telocity  be  great  enough. 
In  fact,  an  increase  of  velocity  makes  the  point  where 
the  increase  takes  place  the  perihelion  of  the  new  orbit. 
And  obviously  a  decrease  of  velocity  will  make  the  point 
where  the  decrease  takes  place  the  aphelion  of  the 
new  orbit.  Thus,  suppose  the  body  is  at  e  (fig.  20)  and 
travelling  along  the  Earth's  orbit  B  e'  about  the  Sun 
at  s,  when  it  suddenly  receives  an  impulse  onwards, 
then  its  new  orbit  will  have  such  a  shape  as  e  e,  e  bein^ 
the  perihelion.  But  if  the  body  is  checked  when  at 
E,  the  new  orbit  will  be  of  such  a  figure  as  E  «',  the 


aphelion  being  at  e.  And  the  question  we  have  to 
determine  is,  how  great  the  reduction  of  velocity  can 
be  in  order  that  the  revolution  of  the  body  in  an  orbit 
may  not  be  prevented.  Clearly  there  is  no  limit  to 
the  reduction  except  that  resulting  from  the  size  of 
the  Sun.  If  the  body  can  but  pass  clear  round  the 
Sun's  globe,  it  will  return  to  the  point  e,  and  (neglect- 
ing perturbations  or  resistance  as  it  passes  through 
the  Sun's  atmosphere)  it  will  continue  to  circle  in  this 
way  for  ever.  We  have  to  determine  what  velocity 
at  E  is  necessary  for  this  purpose  ;  and  obviously,  as  a 
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body  moving  more  slowly  at  E  would  not  paaa  clear  of 
the  Sun  at  s,  so  also,  tracing  its  path  back,  it  could  not 
have  arrived  along  a  course  clear  of  the  Sun's  globe ; 
aod  the  only  interpretation  of  its  motions  would  be 
that  it  had  been  projected  augularly  from  the  Sun's  sur- 
face with  sufficient  velocity  to  reach  the  Earth.  It  is  not 
difficult  to  calculate  the  least  velocity  with  which  a 
body  could  travel  when  at  the  Earth's  distance  on  an 
orbit  just  grazing  the  Sun's  surface.*     This  velocity  is 

*  There  an  tmny  wa;i  of  attacking  the  problem.  The  bnt,  perhaps, 
toe  otir  preaent  purpose  ii  the  folloiriDg : — - 

It  IB  obn'oas  that  if  a  bodj  be  prqjscted  taagientiallj  I0  the  Son's 
snrfac*  with  auch  relocit;  as  Ui  jnst  reach  the  Earth's  orbit  when  nt  ite 
greatest  distance  &om  the  Snn,  it  wonid  continue  to  revolve  in  mch  an 
orbit  as  wa  are  inqoinng  into.  Noir,  in  order  to  determine  the  velocity 
of  prqectioD  requisite  for  aoch  t,  mult,  ne  msj  applj  the  formnla  in 
the  preceding  note,  ramsmbering  tliat  if  a  bodj  projected  vertically 
npmrdi  from  the  San  would  reach  to  a  height  h,  a  body  projected 
horizontally  with  thn  same  velocitj  would  travel  in  an  orbit  hHTing  a 
mean  dislance  equal  to  ^  (h  -r  b]  where  B  ie  tbe  Son'*  radios ;  bo  thst 
we  require  our  body  to  be  projected  tangentially  with  auch  velocit;  as 
-would  be  required  to  pngect  a  body  Tertically  to  a  height  equal  to  the 
Earth's  meaD  distance  d  (say)  from  the  Sun's  emtre,  since  the  required 
orbit  is  to  hare  a  mean  distance  equal  to  ^  (d  +  b).  Hence,  by  the 
formula  fur  t  in  the  preceding  note  we  hare 

T'-a(288-0)— ^*^'^-'"*  (approiimately) ; 
^         '  91,825,000  ^  ^^  ■" 

trbsnee  we  flud  the  required  velocity  of  laogential  projection  equal  to 
359  mile*  per  second  ;  and  we  note  in  passing  that  suti  a  velodty  as 
this  would  be  required  to  pngect  a  body  from  the  riun  to  the  Earth's 
dislanes.  Now,  this  is  the  perihelion  velocity  of  our  prqjoctile,  when  at 
s  distance  of  42S,0O0  miles  trota  the  Son's  centre.  In  aphelion,  its 
distance  is  &1,500,000  milea  (approximately) ;  heaee  from  Kepler's  fim 
law  ila  veloci^  there  will  be 


or  about  1-S5  miles  per  second,  which  is  almost  exactly  one-tsDlh  of 
the  Earth's  velocity  in  bar  orbit,  but  considerably  exceeds  the  Hcon't, 
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about  one-tentli  of  that  with  which  the  Earth  moves  in 
her  orbit,  or  1-65  miles  per  Becond ;  and  no  body  can 
possibly  reach  the  Earth  irith  a  smaller  real  Telocity 
than  this,  unless  actually  projected  from  the  Sun.  A 
smaller  relative  velocity  might  very  well  be  observed 
however.  For  example,  a  meteor  travelling  very 
little  faster  than  the  Earth  might  overtake  her,  and  so 
seem  to  enter  her  atmosphere  very  slowly.  And  ob- 
servations seeming  to  indicate  that  the  real  velocity  of 
a  meteor  was  less  than  1'85  miles  per  second,  would 
need  to  be  very  strongly  confirmed  before  they  would 
be  accepted  by  astronomers ;  since  to  reach  the  Earth 
a  bodjf  must  be  projected  from  the  Sun  mith  a  velocity  of 
about  360  miles  per  second. 

Here,  having  already  passed  the  limits  I  had  pro- 
posed to  myself  in  dealing  with  the  subject  of  this 
chapter,  I  draw  it  somewhat  regretfully  to  a  close.  It 
would  have  been  easy  to  extend  the  chapter  so  as  to 
have  occupied  a  volume  twice  the  size  of  the  present, 
and  yet  to  have  discussed  no  well-worn  facts.  The 
whole  subject  of  the  Sun's  rule  over  the  space  surround- 

TbJB  velocity  voold,  boireTer,  be  Bomeirtuit  increued  by  the  Earths 
attTHCtion,  It  is  to  be  noticed,  that  the  Moon'i  wloeitr  in  her  orbit 
being  about  }tha  of  a  mile  per  Becond,  the  greateat  relodty  the  Earth 
cm  control  at  the  Moon's  distance  ia  but  about  JJtha  of  a  mile  f«r 
second;  so  that  no  bodjmoTing  to  the  Banh's  neighbourhood  under  the 
influence  of  the  Sun's  attraction  can  bj  anj  possibility  be  compellfd  by 
the  Earth  to  travel  in  an  orbit  aronnd  her  unleio  it  comes  much  nearer 
tliaD  the  Hood.  The  maiimum  velooity  -which  the  Earth  can  control 
dose  by  her  surhce  is,  however,  about  xeven  miles  per  second  ;  so  (bat 
bodies  having  the  aphelion  of  their  orbit  nearly  at  the  Earth's  distance 
and  the  perihelion  close  to  the  Sun's  surface,  conld,  if  they  happened 
to  come  close  by  the  Earth,  be  compelled  to  dtculc  in  an  orbit  rouiid  her. 
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ing  hiin  has  remaiaed  in  a  eeose  almost  untouched,  until 
lately  its  significance  began  to  be  recognised  by 
Mayer,  Thomson,  "Waterston,  and  others.  Even  these, 
however,  have  dealt  rather  with  the  limits  of  activity 
possessed  by  bodies  close  to  the  Sun's  surface  than 
with  the  velocities  which  measure  bis  influence  at 
greater  distaoceB.  For  my  own  part,  I  find  a  wonder- 
ful interest  in  the  ideas  suggested  by  the  Sun's  activity 
throughout  the  whole  range  of  his  wide  domain.  The 
velocities  to  which  I  have  referred  in  this  chapter  as 
those  which  Uie  Sun  can  control  are  also  those  which  he 
can  generate.  We  have  to  think  of  him,  therefore,  as 
capable  of  drawing  towards  himself  all  such  cosmical 
matter  as  comes  under  his  exclusive  attraction  either 
by  leaving  the  domain  of  some  other  star,  or  on  account 
of  his  own  motion  through  space.  In  so  drawing 
coBroical  materials  towards  himself,  he  imparts  to  them 
velocities  such  as  we  have  been  considering  in  the 
present  chapter.  The  vaster  the  distances  from  which 
they  come,  the  greater  the  velocities  he  imparts  to 
them.  As  they  sweep  onward  in  their  course  they 
are  subject  totbeinfiuences  of  the  planets — the  patrols 
of  the  solar  system — and  under  such  disturbing  in- 
fluences lai^e  numbers  must  be  compelled  to  follow 
either  temporarily  or  permanently  true  orbits  (that  is, 
closed  curves)  around  the  Sun.  But  the  majority  of 
such  visitaAts,  whether  comets  or  meteors,  must  return 
to  the  sidereal  depths  after  once  paying  their  respects 
— in  the  full  rush  of  their  perihelion  swoop — to  the 
giant  ruler  c£  our  system.    It  seems  probable  that  in 
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this  continual  rush  of  matter,  thiB  continual  interchange 
of  attendants  on  bud8  and  stare,  we  ma^  recognise  the 
progresa  of  processes  exercising  a  most  important  in- 
fluence on  the  welfare  of  planetary  sjstems.  It  is 
Btill  more  probable  that  the  bodies  which  are  finally 
drawn  into  the  solar  domain  perform  highly  important 
functions  in  the  economy  of  our  own  particular  plane- 
tary scheme.  But  unless  I  mistake,  the  real  significance 
of  the  considerations  we  have  dealt  with  in  the  present 
chapter  lies  in  their  bearing  on  the  past  history  of  tiie 
solar  system.  The  rush  of  matter  which  we  now  re- 
cognise affords  perhaps  hut  the  faintest  indication  of 
the  amazing  conflicts  in  which  our  system  had  its  birtb. 
Tracing  back  the  history  of  that  system,  we  seem  to 
recognise  a  time  when  the  Sun's  supremacy  was  still 
incomplete,  when  the  planets  struggled  with  him  for  the 
continually  inruahiog  materials  from  which  his  sub- 
stance as  well  as  theirs  was  to  be  recruited.  "We  can 
see  him  by  the  mighty  energy  of  hie  attraction  clearing 
a  wide  space  around  him  of  all  save  such  relatively  tiny 
orbs  as  Venus  and  the  Earth,  Mars,  Mercury,  and  the 
asteroids.  With  more  distant  planets  the  struggle  was 
less  unequal.  The  masses  which  flowed  in  towards  the 
centre  of  the  scheme  swept  with  comparatively  slow 
motion  post  its  outer  hounds,  so  that  the  subordinate 
centres  there  forming  were  able  to  grasp  a  goodly  pro- 
portion of  material  to  increase  their  own  mass  or  to 
form  subordinate  systems  around  them.  And  so  the 
giant  planets,  Jupiter  and  Saturn,  Uranus  and  distant 
\eptune,  grew  to  their  present  dimensions ;  and  became 
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records  at  once  of  the  Sun's  might  as  a  ruler — for  with- 
out his  OTerruling  attraction  the  material  which  formed 
these  planets  would  never  have  approached  the  s;stein 
— and  of  the  richness  of  the  chaos  of  matter  from  which 
his  bulk  and  theirs  were  alike  evolved.  Nor  is  the  cod- 
sideratioQ  without  a  mysterious  attractioD  that  in  thus 
looking  back  at  the  post  history  of  our  system  we  have 
passed  after  all  but  a  step  towards  that  primal  state 
whence  the  conflict  of  matter  arose.  We  are  looking 
into  a  vast  abysm,  and  as  we  look  we  fancy  we  recog- 
nise strange  movements,  and  signs  as  if  the  depths  were 
shaping  themselves  into  definite  forms.  But  in  truth 
those  movements  show  only  the  vastness  of  the  abysm, 
Uiose  depths  speak  to  us  of  for  mightier  depths  within 
which  they  are  taking  shape.  *  Lo !  these  are  but  a 
portion  of  His  ways;  they  utter  but  a  whisper  of  His 
glory.' 
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ANALYSIlfG  SUNLIGHT. 

The  researches  of  telescopiets  have  revealed  many  im- 
portant  facts  respecting  the  Sun's  constitutioa.  Studied 
thoughtfully,  these  researches  enable  us  to  answer 
many  questions  which  at  first  sight  seem  to  require 
more  powerful  modes  of  inquiry.  But,  undoubtedly, 
the  science  of  solar  physics  is  too  vast  and  too  di£Bcult 
to  be  satisfactorily  treated  by  telescopic  research  alone. 
The  condition  of  the  Sun  is  so  different  from  that  pf 
any  bodies  we  can  experiment  on,  that  his  mere  aspect 
— and  the  telescope  can  show  us  nothing  more — is  in- 
sufficient to  tell  us  what  his  constitution  may  be.  The 
picture  of  the  Sun  presented  by  the  most  powerful 
telescope  resembles  a  book,  full  of  meaning  indeed,  but 
written  in  an  unknown  language.  The  spectroscope  is 
the. means  by  which  that  unknown  language  has  been 
in  part  interpreted. 

Let  us  consider  what  spectroscopic  analysis  really 
is.  It  is  scarcely  possible  to  treat  of  any  astronomical 
subject  in  the  present  day  without  describing  the  most 
powerful  of  all  instruments  of  astronomical  research ; 
but  in  the  cose  of  the  Sun  it  would  be  hopeless  to 
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attempt  Bucli  a  course.  Spectroscopic  analysis  forma 
the  very  bans  of  all  our  ideas  respectiog  solar  physics. 
We  must  thoroughly  understand  the  mode  in  which  it 
teaches,  the  meaning  of  its  teaching,  and  the  extent  to 
which  its  teaching  may  be  relied  on,  otherwise  our 
Tiews  will  be  r^ue  and  unsatisfactory,  depending 
rather  on  the  statements  of  others  than  on  any  deal: 
apprehension  of  their  truth  on  oar  own  part. 

For  this  reason  I  shall  spare  no  pains  to  make  the 
explanation  of  spectroscopic  analysis  which  follows  as 
Mmple,  and,  at  the  same  time,  as  complete  as  possible. 
There  b,  in  reality,  nothing  difficult  in  the  subject ; 
but  it  cannot  be  denied  tbat,  considering  its  simplicity, 
it  is  not  nearly  so  well  or  so  widely  understood  as  it 
might  be, — a  circumstance  the  more  to  be  regretted 
because  the  whole  history  of  recent  scientific  re- 
searches is  a  sealed  book  to  those  who  do  not  clearly 
recognise  the  nature  of  the  instrument  by  which  those 
researches  have  been  effected. 

Newton  was  the  first  who  showed  that  white  light  is 
a  compound  of  light  of  many  different  colours. *^'  He 
proved  this  by  his  investigation  of  an  experiment  of 
Grinuldi's — illustrated  in  fig,  21,  Here  a  Brepresents 
the  course  of  a  pencil  of  solar  lightf  passing  through 

■  Grimkldi  wu,  howerer,  tlie  first  who  discoTaied  th«  aSbct  of 
paasingraa-liglitthiaagh  apriim,  (See  hiaPhytieo-maUiaau  da  tumut, 
prop.  XXX.  «t  wq.) 

t  I  lw*e  pnrpoulj  modified  NeTton'a  dgure,  becauBS  maaj  mio- 
nudentaiid  a  Sgnre  in  wllkh  the  pencil  i,  b  if  shown  with  iti  proper 
^Ttrgeoej.  Thay  oonfiue  the  dispaning  e^et  of  the  priam  with  tfas 
optical  sSbcts  produced  on  a  divorging  pencil  of  pur«  light  It  need 
tuudlj  be  aaid  that  it  would  be  quite  as  great:  a  mistake  to  neglect  the 
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a  circular  aperture  in  a  screen  s  a'.  The  prism  P  is  ho 
placed  aB  to  intercept  the  light.  It  will  be  well  to 
coDsider  the  prism  as  placed  with  the  baee  E  F  upper- 
inoKt  and  horizontal.* 

Xow,  if  the  prism  were  removed,  the  light  would  fall 
at  I  and  make  a  small  elliptical  image  there.  And  if 
the  solar  light  were  simple  instead  of  being  composed 
of  rays  of  many  different  colours,  it  would  follow  such 


a  course  as  b  indicated  by  the  bent  bright  line,  and  form 
a  small  elliptical  image  at  i' — this  image  being  white  . 
like  that  at  t,  and  resembling  the  latter  image  in  sbape.t 

effect  of  diTeigeocj  altt^ther.  Id  tact,  manj  imponaat  optical  con- 
■ideratioDa  are  usodat«l  with  the  dive^enc;  (however  small  thii  ma; 
be  made)  of  the  pencil  analTeed  bj  the  prUn.  Bat  the  two  matters 
are  beat  kept  apart,  at  leait  in  the  case  of  the  beginner.  In  the  above 
deecription  the  ol^ect  haa  been  to  direct  the  reader's  special  attention 
to  the  dispersive  action  of  the  prism,  and  therrfbre  do  attentiOD  ia  paid 
to  the  divergenc;  of  the  pencil. 

"  B  o  is  euppoeed  equal  to  or,  so  tliat  theeelioee  ace  equiUj  ioclined 
to  the  Teitical. 

t  It  wonid  indeed  be  absolotelj identical  in  shape  with  the  image  at  ■ 
if  the  exact  couim  indicated  in  the  figure  were  followed ;  but  if  the 
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But  iosteftd  of  this,  Newton  foand,  as  Grimaldi  had 
found  before  him,  that  a  streak  of  light  was  formed  as 
V  B  (t  B  is  exaggerated  in  length),  the  streak  being 
violet  at  the  highest  point  and  thence  changing  through 
indigo,  blue,  green,  yellow,  and  orange,  to  red  at  the 
lowest  point.  Neither  above  nor  below  was  the 
streak  well  defined,  but  passed  gradually  into  dark- 
ness. At  the  sides,  however,  the  streak  was  well 
defined,  and  in  breadth  equal  to  the  horizontal  breadth 
of  the  figure  at  i.  It  thus  formed  a  rainbow- tinted 
streak  or  ribbon. 

It  appears  from  this  experiment  that  light  GOnsists 
of  rays  of  all  the  colours  of  the  rainbow,  tbat  the  violet 
rays  are  the  most  bent  by  the  action  of  a  prism,  the 
red  rays  least,  the  others  in  the  order  named  above. 
This  happens  with  prisms  of  all  refracting  angles  and 
of  whatever  substance.  Hence  the  rays  forming  the 
'  violet  part  of  the  spectrum  are  often  called — without 
further  description — the  moat  refrangible  rftys,  while 
the  red  rays  are  called  in  the  same  way  the  least  re- 
frangible lays.  This  mode  of  speaking,  and  the  ex- 
pressions rising  out  of  it,  should  be  carefully  noted. 

Now,  the  streak  of  light  seen  by  Newton  showed  no 
breach  of  continuity,  Newton  appears  to  have  sus- 
pected the  possibility  that  by  a  change  in  the  con- 
ditions of  his  experiment  the  streak  would  show  gaps. 
In  other  words,  he  suspected  that  light-of  all  degrees  of 

■iagle  image  fall  bI  t  or  8  this  vonld  not  be  the  case.  It  ne<<d  hardlj 
be  rcmaiked  that  tbr  pun  light  the  eonne  of  the  beAm  troold  depeod 
on  the  rafnctipg  angle  a  of  the  prirai. 
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refrangibility,  between  the  light  which  forms  the  ex- 
treme violet  and  the  extreme  red  of  the  atreak,  may  not 
be  present  in  the  eolar  beam.  But  be  did  not  succeed  in 
proving  this,  though  he  employed  apertures  of  different 
shape  whereby  to  admit  the  light.  It  is  dear  that  if 
there  were  simple  violet  light,  and  simple  indigo  light, 
and  so  on  in  the  solar  beam,  a  succession  of  small 
soloured  images  would  be  formed  as  shown  in  the  figure 
At  T,  I,  &c.,  and  between  these  images  dark  spaces 
would  be  seen.  Newton's  experiments  led  him  to  the 
conclusion  that  an  infinite  number  of  images,  sliiiting 
by  indefinite  gradations  from  v  to  b,  exist  along  tiie 
streak,  and  so  cause  the  colour  to  vary  insensibly  from 
violet  to  red  as  observed  in  his  first  experiment. 

WoIIaston  was  the  first  who  succeeded  in  showing 
that  there  are  gaps  in  the  spectral  streak. 

It  ia  clear  that  the  circular  aperture  in  the  above 
experiment  is  not  suitable  for  determining  whether 
rays  of  all  degrees  of  refrangibility  are  included  in  a 
beam  of  solar  light.  In  fig.  21  an  image  of  the  aper- 
ture is  represented  at  t,  another  at  l,  another  at  b, 
and  so  on  ;  though  of  course  the  spectrum  in  Newton's 
experiment  showed  no  such  separate  images.  Now,  it 
is  perfectly  obvious  that  if  instead  of  the  seven  images 
represented  in  the  figure  there  were  twenty  or  thirty 
along  the  spectrum  V  B,  there  would  be  no  means  of 
knowing  that  the  spectrum  was  made  up  of  these 
twenty  or  thirty  distinct  images,  for  they  would  over- 
lap, and  so  show  a  continuous  streak  of  light  WoIIas- 
ton found  that  when,  instead  of  a  circular,  triangular, 
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or  oblong  aperture,  a  very  narrow  slit  is  employed, 
light  of  certain  degrees  of  refrangibUity  ie  absent  from 
the  Bolar  beam.  He  admitted  the  light  through  a 
narrow  alit  (parallel  to  the  refracting  angle  of  the 
prism).  With  this  arrangement  the  spectrum  seen 
by  Wollaeton  was  not  continuous,  bat  crossed  by  two 
dark  lines  parallel  to  the  slit— or,  in  other  words,  at 
right  angles  to  the  length  of  the  spectrum. 

These  two  lines — two  gapt  in  the  solar  spectrum — 
proved  that  light  of  two  definite  orders  of  refrangibilily 
is  absent  &om  the  solar  beam.     Fig.  22  shows  how 
F:o.  22. 


the  light,  after  passing  tiurongh  the  prism,  had  become 
divided  into  three  parts,  with  spaces  between  them  along 
which  no  light  travelled.  It  is  quite  obvious  that  the 
existence  of  these  gaps  can  be  recognised  without  allow> 
ing  a  spectrum  to  be  formed  on  a  screen,  as  in  Newton's 
experiment, — simply  by  placing  the  eye  as  shown  in 
fig.  22.  It  was  in  this  way  that  Wollaston  observed  the 
two  g^M.  It  may  be  remarked  in  passing  that  this 
mode  of  viewing  the  spectrum  bears  the  same  relation 
to  Newton's  plan  that  observation  of  the  Sun  with  the 
naked  eye  bears  to  observation  of  the  Sun's  image 
received  upon  a  screen. 

Dr.  WoUaeton  did  not  pursue  tlie  inqtiiry  further. 
Nor  need  we  greatly  wonder  at  this,  if  we  rightly  con- 
sider the  matt«r.     We  now  know,  indeed,  that  in  the 
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two  dark  spaces  on  the  Bpectrum  of  Woliaston  there  lay 
the  germ  of  the  moBt  wonderful  discoveries  man  has 
yet  made.  We  know  that  had  he  persisted  in  the 
inquiry  his  name  would  have  been  associated  through 
all  time,  as  that  of  Fraiinhofer  will  undoubtedly  be, 
with  the  very  language  of  the  new  analysis.  But  it 
must  he  admitted  that  Wollaston  had  little  reason 
for  expecting  any  very  remarkable  results  from  the 
study  of  a  peculiarity  which  seemed  quite  as  likely  to 
depend  on  the  nature  of  the  glass  of  which  the  prism 
was  made  as  upon  any  inherent  property  of  solar  light. 
And  even  supposing  that  the  gaps  were  due  to  some 
peculiarity  of  solar  light,  who  could  suspect  that  that 
peculiarity,  when  traced  to  its  source,  would  be  so  full 
of  meaning  as  to  reveal  to  us  the  very  comtitution  of 
the  solar  orb  ? 

It  is  to  the  unwearying  patience  with  which  Fraiin- 
hofer— like  so  many  others  of  his  countrymen — was 
willing  to  work  day  after  day  at  what  seemed  a  most 
unpromising  subject,  that  the  world  owes  the  iiret 
complete  recognition  of  the  characteristic  peculiarities 
of  the  solar  spectrum.  Wollaeton  had  observed  the 
spectrum  directly,  with  the  unaided  eye.  Fraiinhofer 
improved  on  this  plan  by  employing  a  telescope.* 

*  It  ii  wall  to  notira  that  &U  the  modes  of  viewing  the  Sqd  u«  arul- 
able  for  riewiog  the  solar  spectnun.  A  prinnntic  spectnun  is  timply 
a  Berire  of  imagea  of  a,  InmiDoiu  object  formed  bj  rays  of  diffnrPDt 
refrangibilitiea.  Where  the  laminoua  object  w  h  line  of  light — as  when- 
light  is  received  through  a  flue  slit — the  solar  apectnim  is  in  reality 
Hmds  up  of  ha  inSnite  number  of  liora  of  light  at  right  angles  ta  its 
lenglli.  It  is  becaoae  light  of  certain  dsfinite  ordars  of  refrangibilitj  is 
wanting  that  images  of  tbt  lint  are  wanting  at  certain  definite  parts  of 
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Dr.  Wollaaton  had  seen  but  two  gaps  in  the  solar 
epectrum;  Fraunhofer,  in  1814,  sav  and  mapped  no 
\eM  than  576  lines.  The  positions  of  the  chief  lines 
seen  by  FraUnhofer  are  indicated  in  fig.  23,  and  as 
reference  is  continually  made  to  the  lettered  lines,  it 
is  well  that  the  stndent  should  carefully  study  their 
sequence  and  position. 

A  is  a  well-marked  line  close  to  the  limits  of  visi- 
bility at  the  red  end  of  the  spectrum,  b  is  a  well- 
delined  red  line  of  sensible  breadth.*  Between  a  and 
B  is  a  band  of  several  lines  called  o.     c  u  a  dark  and 


very  well-marked  line.  Between  b  and  c  Fraunhofer 
counted  nine  fine  lines;  between  c  and  D  about  thirty. 
D  consists  of  two  strong  lines  close  together.  Between 
D  and  B  Fraiinhofer  counted  eighty-four  lines,  e  is 
a  band  of  several  lines,  the  middle  line  of  the  set  being 
stronger  than  the  rest     At  i  are' three  strong  lines, 

the  tppctmm, — that,  in  other  words,  dork  lines  ue  lern.  The  dpu 
nccgnitioD  of  this  fact  Till  preFanl  much  misapprehenBion. 

■  It  will  be  undentood  Uut  J  *m  h«re  dncribing  tbe  lineB  as  sft-a 
bj  FK&nhofer,  and  sa  th«;  would  appear  with  similar  spactroecopie 
power  to  that  emplojed  b;  bim.  With  greater  power  many  »illgl«  lines 
are  resolTfd  into  lerenl,  fmd  Dian7  new  linei  make  tbeit  appeanuice. 
For  example,  d  ii  described  above  as  consisting  of  two  strong  lines 
with  an  eitremelj  small  interral.  With  a  powerful  spectroscope 
IB  lines  are  seen  between  theee  two  strong  lines. 
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the  two  farthest  from  e  being  cloee  together.  Between 
E  and  b  Fraiinhofer  counted  twenty^our  lines,  and 
between  b  and  f  more  than  fifty,  f,  o,  and  h  are 
strong  lines.  Between  F  and  Q,  and  between  Q  and 
B,  Fraiinhofer  counted  185  and  190  lines  reepectively  ; 
and  he  found  many  lines  also  between  h  and  I — the 
violet  end  of  the  eipectrum. 

Fig.  23  shows  the  colours  of  those  parta  of  the 
spectrum  in  which  the  several  lines  occur.  Tbe  reader 
will  do  well  to  bear  in  mind  tbe  position  of  (be  several 
lines,  as  thus,  by  an  easily  remembered  relation,  he 
will  lind  himself  enabled  to  interpret  readily  the 
accounts  of  spectroscopic  researcbea,  whether  into 
astronomicid  or  chemical  subjects  of  inquiry.  Ijet  him 
remember,  then,  that  A,  B,  and  c  are  in  the  red  portion 
of  the  spectrum ;  d  in  the  orange-yellow ;  e  in  tbe 
yellowish-green ;  f  in  the  greenisb-blue ;  Q  in  the 
indigo ;  and  H  in  the  violet. 

Frsiinbofer's  contributions  to  tbe  science  of  spectro- 
scopic analysis  did  not  conclude,  however,  with  the 
recognition  and  mapping  of  these  lines.  Having  first 
convinced  himself  that  the  same  lines  were  seen  in  the 
solar  spectrum,  of  whatever  substance  the  prism  was 
formed,  he  proceeded  to  study  the  spectra  formed  by 
light  Irom  other  sources, 

He  first  examined  solar  light  received  indirectly  by 
reflection  or  otherwise — as  from  the  clouds,  the  aky, 
the  Moon  or  planets,  and  so  on  ;  and  he  fonnd  in  the 
spectrum  of  such  light  the  same  lines  which  he 
had  seen  in  the  spectrum  of  direct  solar  light     He 
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Studied  tlie  spectrum  of  the  Sun  -when  that  orb  is  near 
the  horizon,  and  be  found  that  under  such  circumBtaiicea 
the  violet  end  of  the  Bpectnun  diaappean  and  a  number 
of  lines  make  their  appearance  in  the  remainder  of  th« 
spectrnm. 

Fraiinhofer  found  tiiat  the  spectra  of  the  fixed  stars 
exhibit  dark  lines  reeembting  those  in  the  Sun ;  but 
none  of  the  stars  whose  li^t  he  examined  had  a  Bpec- 
tnun exactly  the  same  as  the  Sun's.  Some  lines  of  the 
Bolar  spectrum  he  found  wanting  in  star  spectra,  while 
other  lines  were  not  seen  with  the  same  relative  dis- 
tiuctnees  as  in  the  Bpectrum  of  tiie  Sun.  On  the  other 
hand,  he  found  Beveral  new  lines  in  star  spectra. 
No  two  stars  appeared  to  have  the  same  spectrum. 

An  important  conclusion  followed,  as  Fraiinhofer 
pointed  oat,  &om  this  observation.  If  the  dark  lines  in 
the  solar  spectrum  were  caused  by  an  abaorptiTe  action 
exercised  by  our  own  atmosphere,  it  would  follow  that 
the  same  lines  ought  to  be  seen  in  the  spectra  of  the 
fixed  stars.  The  contrary  being  the  case,  FraUnbofer 
held  it  to  be  a  demonstrated  fact  that  the  dark  lines 
are  due  to  some  property  inherent  in  the  light  itaelf 
which  the  Sun  and  the  fixed  stars  severally  emit. 

One  more  observation  of  Fraiinhofer's,  and  I  pass  on 
to  later  researches.  He  found  that  when  the  fiame  of  a 
candle  or  lamp  is  the  source  of  light,  the  spectrum  is  not 
crossed  by  dark  lines,  but  a  bright  double  line  is  seen 
in  the  exact  place  occuined  by  the  double  dark  line 
D  of  the  solar  spectrum.  To  prevent  misconception,  it 
is  necessary,  however,  to  mention  that  light  from  an 
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incuideflcent  substance — and  the  flame  of  acandle  is  mA 
light — exhibits  a  continuous  spectnun.  The  douUe 
bright  line  seen  by  Fraiinhofer  was  due  to  the  presence 
of  the  almost  ubiquitous  element,  sodium^  in  the  flame, 
as  will  be  ezplaiued  further  on. 

If  we  carefully  weigh  the  results  obtained  by  Fnuo- 
hofer,  it  will  appear  that  spectroscopic  analysis  owes 
very  much  to  hie  researches.  It  may  be  questioned, 
indeed,  whether,  but  foe  his  patience  and  perserer- 
ance,  the  attention  of  scientific  men  might  not  hire 
been  turned  away,  at  least  for  many  years,  &om  ■ 
subject  of  inquiry  which  seemed  when  he  began  his 
labours  to  be  rather  curious  than  important. 

Let  us  next  inquire  into  the  spectra  given  by  differ- 
ent terrestrial  sources  of  light. 

An  incandescent  solid  or  fluid — or,  to  speak  more 
correctly,"  a  solid  or  fluid  glowing  with  intensity  of 
heat — gives  a  continuous  spectrum.  But  the  nature  (^ 
the  spectrum  varies  with  the  heat  of  the  source.  If* 
piece  of  metal,  for  instance,  be  gradually  heated  till  it 
is  at  a  white  heat,  only  the  red  part  of  the  spectrum 
will  at  first  be  visible ;  then  the  orange  part  will  show, 

*  Tbs  t«nn  incHadewent  ii  not  properly  applicable  to  anj  soam 
ol  light  which  is  oot  nctnall;  wbita.  Sfftn;  BpwtroacoputB  iodeel  go 
fartber.  nnil  n.y  thftt  Qo  laminoas  bod;  ought  to  be  describ«d  u  ineu- 
dFMonc  unleaB  its  ipectram  eitendB  iritbont  dark  lines  or  gaps  oT  u? 
«ort  iiam  the  extreme  limit  of  visibiUt;  at  the  red  end  to  the  eitr(«t 
limit  of  Tisibilitj  nt  the  violet  end  of  the  boIm'  specImiD.  Wilboit 
iniitling  oQ  this  limitation,  it  certainly  doca  seem  wall  Xa  point  ont  tbU 
the  term  inMDileiceat  is  not  properly  applicable  to  sotid*  at  fluid) 
ftlowing  with  light  belonging  to  the  red  end  of  the  ■pActnin,  dot  to 
Tiponn  glowing  with  light  of  a  well-marited  colour. 
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then  the  y elloir,  and  m  on,  until  at  length  the  whole 
range  of  the  spectrum  will  be  seen,  from  the  extreme 
red  to  the  extreme  violet. 

But  the  question  will  at  once  suggest  itself  at  this 
point, — What  are  the  limits  of  the  spectrum  ?  When  we 
-were  considering  the  solar  spectrum,  we  might  have 
'inferred  that  the  limits  of  Tisilnlity  are  the  true  limits 
of  the  space  to  which  the  solar  action  extends.  But 
now  that  we  have  seen  a  spectrum  growing  with  the 
growing  heat  of  the  source  of  light,  we  are  naturally 
led  to  inquire  whether  there  are  limits  to  this  growth. 
And,  again,  the  spectrum  of  a  gradually  heated  body 
begins  at  the  red  end  so  far  as  our  vision  is  concerned ; 
but  is  that  its  true  beginning  ? 

To  both  these  questions  an  answer  has  been  given. 
It  occurred  to  several  physicists  during  the  latter  half 
of  the  last  century  to  inquire  whether  the  heat  which 
undoubtedly  accompanies  the  light  forming  the  spec- 
trum corresponds  in  reality  with  the  light,  in  so  far 
that  where  the  light  is  strongest  the  heat  is  strongest, 
and  vice  vertd,  while  where  light  fuls  totally  there  heat 
also  fails.  They  found  that  no  such  correspondence 
exists.  So  far  as  the  visible  spectrum  is  concerned, 
the  greatest  heat  is  not  received  where  the  spectrum 
is  brightest,  but  at  the  red  end.  Sir  W.  Herschel, 
however,  at  the  beginning  of  the  present  century,  found 
that  the  maximum  of  heat  cornea  from  beyond  the  red 
end  of  the  spectrum ;  while,  yet  farther  beyond  the 
red  end,  heat  continues  to  be  received  for  a  distance 
whose  extreme  limit  has  not  yet  been  determined. 
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Heat,  however,  is  not  receired  beyond  the  violet  end 
of  the  Bpectrum,  nor  even  completely  up  to  the  limite 
of  visibility  in  that  direction. 

Yet  we  now  know  that  in  this  direction,  also,  the 
limitB  of  visibility  are  not  to  be  regarded  as  the  limits 
of  the  solar  action.  Besides  the  heat  and  light  which 
are  transmitted  through  the  prism,  there  is  another 
form  of  action  whose  effects  are  as  distinct  from  heat 
and  light  as  heat  uid  light  are  from  each  other.  We 
know  that  the  solar  rays,  besides  illumina^ng  and 
heating  substances  on  which  they  fall,  produce  changes 
in  the  appearance  and  constitution  of  many  substances. 
To  take  a  familiar  example :  the  solar  rays  falling  on 
the  skin  not  only  warm  it,  and  so  affect  the  sense  of 
touch  ;  not  only  illuminate  it,  and  so  affect  the  sense 
of  sight;  but  tan  it,— an  effect  which  is  not  directly 
ct^nisable  by  any  sense  that  wo  possess,*  though  in- 

*  It  need  hardly  be  said,  perLupe,  tbat  the  refereoee  her?  to  the 
sensea  ia  not  iDtrodnced  &■  bearing  ia  toy  m^  on  the  mlgect  of  epee- 
traeaopic  aDaljsJB,  bnt  aa  affiuding  a  dutinction  of  a  popular  kind  be- 
tween the  three  forma  of  wUr  action.  It  is  worthy  of  notice,  howBTer, 
that  ve  have  a  aanie  by  which  the  aodon  of  the  longer  ligfat-wave» 
correapoDdiDg  to  the  red  end  and  the  parte  beyond  thf  red  end  of  thf 
apectimn  is  recognieed  bj  ub,  and  another  »mae  enabling  ni  to  nmgnltp 
the  action  of  the  madinm  warn  corrrtpmiiag  U>  tbe  yellow  part  of  the 
sprctnirauid  in  gradtullydiiaiDiahing  d^reethe  wsveeooiracpondingto 
fnita  up  to  the  red  end  on  one  eide  and  the  Tiolet  end  on  the  other  side  : 
bnt  we  have  no  aenae  enabling  ui  to  recogniae  directly  the  action  of  tbe 
ahoiter  wavea  ooneaponding  to  parta  of  the  apectnun  beyond  the  viulei 
end.  Ia  it  not  conceiTable  that  some  creMnFes,  even  among  terreatrial 
beings,  may  poaaeaa  a  aenae  eoabliog  them  to  iccogniae  the  action  of  these 
short  waTSB,  and  that  ench  a  Bcnee  may  giro  them  powera  aa  diatiset 
from  the  powera  we  poaaeas  in  Tirtne  of  the  aenaea  of  touch  aod  of  si^t, 
aa  Uie  aenee  of  sight  ia  diatinct  from  th«  aenae  of  touch  T  A  man  bom 
blind  nuy  not  be  more  incapable  of  conceiving  the  nature  of  the  teone 
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directly  seiisible  both  to  sense  and  touch.  The  real 
nature  of  this  action  is  not  altogether  understood 
(which  may  be  remarked  also  respecting  heat  and 
light),  but  the  observed  result  is  a  modification  of  Uie 
chemical -condition  of  the  substances  acted  upon. 

Now  this  particular  mode  of  action — actinic  action, 
as  it  has  been  called* — is  not  exerted  most  powerfully 
where  the  spectrum  is  brightest,  but  near  the  violet 
extremity — between  the  lines  G  and  H.  Nor  is  this 
mode  of  action  limited  to  the  visible  spectrum;  but 
precisely  as  heat  falls  beyond  the  red  extremity  of  the 


spectrum,  so  actinic  effect  \a  produced  beyond  the 
violet  extremity. 

In  fig.  24  the  relation  between  the  several  kinds  of 
action  is  exhibited  by  the  curves  marked  h,  l,  and  ch 
respectively,  the  height  of  these  curves  vertically  above 

of  sight  and  of  the  powen  it  confen  npoo  those  who  poaMts  it,  Ibui 
ihoM  vho  hare  all  the  five  senses  are  of  the  powers  whidi  may  be 
setnaUy  possessed  bj  creatures  haying  organs  saitcd  to  appreciate  the 
action  of  the  *hort«t  light-wave*. 

"  From  a  Oreek  wori  signifyiDg  a  ray.     Surely  the  term  is  iU- 
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the  spectrum  indicating  the  relative  iDteDsity  of  the 
heat,  light,  and  chemical  activity  of  the  portion  of  the 
spectrum  immediately  below.  Thus,  beyond  the  red 
end,  the  heat-curve  is  seen  to  acquire  its  greatest 
height,  indicating  that  the  maximum  heating  effect  is 
exerted  there.  T]^  light-curve  reaches  its  greatest 
height  above  the  part  of  the  spectrum  between  D  and  e, 
— in  the  yellow  portion,  that  is,  of  the  spectrum.  The 
heat-curve  reaches  the  base-line  close  by  o,  while  the 
light^urve  extends  somewhat  beyond  H.  At  £  the 
actinic  curve  rises  above  the  base-line,  reaching  its 
greatest  height  above  o  and  h,  and  thence  passing 
down  to  the  base-line  far  to  the  right  of  the  violet  end. 

It  appears,  then,  that  from  the  extreme  heat  end  of 
t^e  spectrum  to  near  a  there  is  heat  only ;  from  near 
A  to  about  E  we  have  heat  and  light  combined ;  from 
E  to  o,  all  three  forms  of  action — light,  heat  and 
actiniam — are  present.*  From  about  o  to  a  little 
beyond  h,  light  and  actinism  (though  very  little  of  the 
former)  are  exerted,  while  firom  a  little  beyond  h  to 
the  extreme  acdnic  end  of  the  spectrum  there  b  acti- 
nism alone. 

It  may  be  well,  however,  to  warn  the  reader  against 
the  error  sometimes  made,  of  assuoiing  that  where  two 
forms  of  action  are  present  they  are  separable  (or  can 
be  conceived  to  be  separated)  from  each  other.  For 
example,  it  would  be  incorrect  to  eay  that  near  u  a 
small  proportion  of  heat  rays,  and  a  larger  proportion 
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of  light  ra^B,  fall  on  the  Bpectrum.  The  correct  state- 
ment is  that  those  rays  (or  rather  light-waves)  which 
reach  thu  part  of  the  Bpectrum  are  capable  of  exciting 
heat  to  a  certain  extent,  and  light  to  a  somewhat 
greater  extent. 

We  see.  then,  that  in  addition  to  what  epectroecopic 
analysis  has  already  taught  us,  we  must  add  this 
interesting  fact,  that  the  three  forms  of  action  which 
sun-light  is  capable  of  exerting  are  associated  with 
different  parts  of  the  spectrum — heat  with  the  red  end 
aad  parts  beyond ;  chemical  action  with  the  violet  end 
and  parts  beyond  that ;  and,  finally,  light  more  parti- 
cularly with  the  yellow  part  of  the  spectrum,  though 
of  course,  as  the  very  term  visible  spectrum  implies, 
more  or  less  light  is  received  from  all  parts  of  the 
coloured  spectrum. 

And  the  intimate  real  association  which  exists 
between  the  three  forms  of  action  is  shown  by  nothing 
more  distinctly  than  by  this,  that  when  a  solid  or  fluid 
body  is  gradually  raised  to  a  white  heat,  all  the  forms 
of  action  are  generated : — first,  heat ;  then  heat  and 
light ;  then  heat,  and  light,  and  actinism — aa  the  forma- 
tion of  the  continuous  spectrum  of  such  bodies  serves 
abundantly  to  prove. 

Only  one  solid  Bubstance,  the  earth  erbia,  gives  a 
non-continuous  spectrum  when  heat«d.  So  that  it  has 
come  to  be  regarded,  as  a  characteristic  peculiari^  of 
incandescent  solids  and  fluids,  that  they  present  a  rain- 
bow-tinted streak  of  light  crossed  by  no  dark  lines  or 
gaps. 
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With  glowit^  rapours  the  cue  is  altogether  ditTerent. 
Although  there  are  exceptione  to  the  rule,  it  may  be 
stated  as  a  general  characteristic  of  the  spectra  of  such 
vapours  that  they  consist  of  coloured  lines  or  bands. 
Sir  David  Btevrster,  Sir  John  Herschel,  and  Talbot, 
were  among  the  first  who  examined  such  spectra.  In 
1822  Sir  John  Herschel  called  attention  to  the  im- 
portance of  the  study  of  the  lines  and  bands  seen  in 
the  spectra  of  the  vapours  of  different  elements.  '  The 
pure  earths,'  he  said,  '  when  violently  heated,  yield 
from  their  surfaces  lights  of  extraordinary  splendour, 
which  when  examined  by  prismatic  analysis  are  found 
to  possess  the  peculiar  definite  rays  in  excess  which 
characterise  the  tints  of  the  flames  coloured  by  them ; 
so  that  there  can  be  no  doubt  that  these  tints  arise 
from  the  molecules  of  the  colouring  matter  reduced  to 
vapour,  and  held  in  a  8tat«  of  violent  ignition.' 

It  would  be  interesting  to  trace  the  history  of  those 
laborious  researches  by  which  men  of  science — Hersche!, 
Brewster,  Tyndall,  the  Millers,  Hugging,  Gladstone, 
Frankland,  Pliicker,  Hittorf,  and  many  others — have 
determined  the  spectra  of  gases  and  vapours  by 
various  methods  and  under  various  conditions.  But 
as  in  this  treatise  I  feel  bound  to  deal  only  with  those 
parts  of  the  history  of  spectroscopic  analysis  which  are 
associated  with  the  study  of  the  Sun,  or  which  serve  to 
elucidate  solar  physics,  I  must  here  content  myself 
with  indicating  results  without  describing  the  processes 
by  which  they  were  obtained,  or  assigning  to  each  of 
the  eminent  men  above-named,  and  to  their  fellow- 
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workers  their  exact  share  in  tiie  noble  series  of  labours 
referred  to. 

At  an  early  stage  of  the  inquiry,  though  at  the 
time  the  phenomenon  was  not  correctly  interpreted, 
a  means  was  found  of  obtaining  the  spectra  of  the 
Tftponre  of  elements  which  cannot  be  vaporised  by 
ordinary  methods.  It  was  noticed  that  the  electric 
spark  has  a  spectrum  oooeistiiig  of  bright  lines.  But, 
nnlike  all  the  sources  of  light  whose  spectra  have 
hitherto  been  considered,  the  electric  spark  yields  a 
variable  spectrum.  When  tJie  electric  dischai^e  takes 
place  between  conductors  of  die  same  nature,  and 
through  any  given  and  unchanged  medium,  the  same 
spectrum  is  always  seen ;  but  when  either  condition  ia 
departed  from,  a  different  spectrum  is  obtained. 

It  was  presently  recognised  that  the  spectmm 
obtained  from  the  electric  spark  is  twofold  in  its 
nature.  It  includes  the  spectrum  of  the  gas  or  vapour 
through  which  the  discharge  takes  place,  and  also  the 
spectrum  of  the  vaporised  substance  of  the  conductors. 

Here,  then,  was  a  ready  means  of  determining  the 
spectra  of  the  metallic  and  other  elements  *  not  easily 
volatilised  in  other  ways,  as  also  of  such  gases  as 
nitrogen  and  oxygen ;  while  conditions  of  pressure, 
combination,  and  the  like,  could  be  introduced,  which 
would  be  wholly  impracticable  if  the  method  of  vapor- 
ising elements  in  the  fiame  of  an  ordinary  lamp  bod 
alone  been  available. 

*  It  seama  uimecsisBiy  to  ipeak  of  th«  ■pectti  <tf  tht  vapeurs  of  soch, 
udeiKliBlameDU,  iiacein  reality  it  ia  only  as  lapoon  that  iTi>ii,Mdiiim, 
and  the  z«at  have  ebaractariatic  ipectra  at  all. 
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In  tliis  WB.J  a  large  nnmber  of  elements  had  their 
spectra  assigaed  to  them,  while  in  several  instances 
physicists  began  to  recognise  peculiarities  in  the  epec- 
trum  of  the  same  element  when  examined  under  dif- 
ferent conditions. 

But  an  important  series  of  researches  yet  remans  to 
be  considered.  Hitherto  we  have  dealt  with  the  actual 
spectra  of  luminous  objects ;  we  have  now  to  inquire 
into  the  effects  produced  on  these  spectra,  when  the 
light  which  forms  them  is  allowed  to  pass  through 
absorbing  media.  We  owe  chiefly  to  Sir  David 
Brewster  the  initiation  of  this  branch  of  research, — 
though  in  this  as  in  so  many  other  departments  of  spec- 
troscopic inquiry,  we  find  a  host  of  distinguished 
physicists  joining  in  the  work.  Brewster  found  that 
when  ordinary  solar  light  is  transmitted  through  the 
thick  vapour  of  nitrous  gas,  a  number  of  new  dark 
lines  are  seen,  parallel  to  the  Fraiinhofer  lines,  and 
congregated  in  a  remarkable  degree  towards  the  violet 
end  of  the  spectrum.  He  further  proved  that  these 
lines  were  seen  whatever  the  source  of  light  might  be. 
Professors  Miller  and  Daniel  made  further  researches 
into  the  effects  of  vapours  in  causing  dark  lines  to 
appear  in  the  spectrum  of  solar  or  white  light.  Some 
of  Professor  Miller's  results  are  worth  quoting,  be- 
cause they  show  how  closely  a  physicist  may  approach 
a  great  discovery  without  actually  effecting  it.  'First,' 
he  says,  '  colourless  gases  in  no  case  give  additional 
lines,  or  lines  differing  from  those  of  Fraiinhofer. 
Secondly.  The  mere  presence  of  colour  is  not  a  security 
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that  new  lines  will  be  produced ;  for  instance,  of  two  va- 
pours undistiDguishable  by  the  eye,  one,  bromine,  gives 
a  great  number  of  new  lines,  while  the  other,  chlorine 
of  tungtten,  exhibits  none.  Thirdly.  The  position  of 
the  new  lines  has  no  connection  with  the  colour  of  the 
gas  ;  with^rem  perchlorine  of  manganese,  the  new  lines 
abound  in  the  green  of  the  spectrum ;  with  red  nitrous 
acid  they  increase  in  number  and  density  as  we 
approach  the  spectrum's  blue  extremity.*  Some  of 
these  results,  rightly  understood,  contain  the  germ  of 
the  great  discovery  aflerwards  effected  by  Kirchhoff ; 
since  in  some  of  the  cases  actually  experimented  on  by 
Professor  Miller,  the  absence  of  new  lines  meant  simply 
that  the  absorption  tines,  corresponding  to  the  element 
he  was  deaUng  with,  were  coincident  with  some  of  the 
Fraiinhofer  lines.  Others,  however,  approached  the 
solution  of  the  great  problem  even  more  nearly,  since 
they  actually  touched  on  the  principle  of  the  reversal 
of  the  spectral  lines,  which  affords  the  explanation  of 
the  coincidences  detected  but  unnoticed  by  Professor 
Miller.  *  None  of  these  distinguished  men,'  says  Pro- 
fessor Tyndall,  *  betrayed  the  least  knowledge  of  the 
connection  between  the  bright  bands  of  the  metals 
and  the  dark  lines  of  the  solar  spectrum.  The  man  who 
came  nearest  to  the  philosophy  of  the  subject  was 
Angstrom.  In  a  paper  translated  from  PoggendorfTs 
'  Annalen '  by  myself,  and  published  in  the  '  Philoso- 
phical Magazine '  for  1855,  he  indicates  that  the  rays 
which  a  body  receives  are  precisely  those  which  it  can 
emit  when  rendered  luminous.     In  another  place  he 
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speaks  of  one  of  his  spectra  giving  the  geaeral  im- 
pression of  reversal  of  the  solar  spectrum.  Foucault, 
Stokes,  Thomson,  and  Stewart,  have  all  been  very- 
close  to  the  discovery ;  and  for  my  own  part  the  ex- 
amination of  the  radiation  and  absorption  of  heat  by 
gases  and  vapours  would  have  led  me  in  18d9  to  the  law 
on  which  all  Kirchhoff's  speculations  are  founded,  had 
not  an  accident  withdrawn  me  &om  the  investigation.' 

At  the  very  moment,  however,  when  the  great 
secret  was  about  to  be  revealed,  an  eminent' physicist 
wrote  flius :  '  In  quitting  the  mere  phenomena  of  lumi- 
nous spectra,  and  rising  to  the  inquiry  as  to  their 
causes,  we  enter  a  more  arduous  course.  The  phe- 
nomena defying,  as  we  have  seen,  all  attempts  hitherto 
to  reduce  them  within  empirical  laws,  do  complete 
explanation  or  theory  of  them  is  possible.  All  that 
theory  can  be  expected  to  do  is  this — it  may  explain 
how  dark  Unes  of  any  sort  may  arise  within  the 
spectrum.' 

But  theory  succeeded  in  doing  very  much  more  than 
was  thus  anticipated  from  her. 

It  had  been  noticed  by  Fraiinhofer  that  the  two 
orange-coloured  lines  close  togetherwhich  form  the  spec- 
trum of  the  glowing  vapour  of  sodium,  coincide  exactly 
in  position  with  two  dark  lines  in  the  orange-coloured 
part  of  the  solar  spectrum — the  double  D  line  in  fig.  23. 
Kirchhoff,  having  a  spectrosooope  of  great  dispersive 
power,*  determined  to  inquire  whether  this  coincidence 

■  ha  priimatic  battery  ooDUined  foor  flint^lau  prtama,  not  fixed  or 
EUmped  ill  *nj  way,  but  atandiug  fneXj  on  four  littla  pedestals.     The 
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was  exact  *  In  order  to  test  in  the  most  direct  manner 
poeaible,'  lie  says,  '  the  frequently  asserted  fact  of  the 
coincidence  of  the  rodium  lines  with  the  lines  d,  I  ob- 
tained a  tolerably  bright  solar  Bpectnim,  and  brought 
a  flame  coloured  by  sodium  vapour  in  £roQt  of  the  slit, 
I  then  saw  the  dark  lines  D  change  into  bright  ones. 
The  flune  of  a  Bunsen's  lamp  threw  the  bright  sodium 
lines  upon  the  solar  spectrum  with  unexpected  brilliancy. 
In  order  to  find  out  the  extent  to  which  the  intensity 
of  the  solar  spectrum  could  be  increased  without  im- 
pairing the  distinctness  of  the  sodium  lines,  I  allowed 
the  full  sunlight  to  shine  through  the  sodium  flame, 
and,  to  my  astonishment,  I  saw  that  the  dark  lines  d 
appeared  with  an  extraordinary  degree  of  clearness.' 

Let  the  full  force  of  this  result  be  recognised  before 
we  proceed  to  consider  the  method  by  which  KitcbholT 
certified  himself  as  to  its  exactness.  He  had  shining 
in  through  the  slit  two  kinds  of  light — sunlight  and 
the  light  of  the  sodium  flame.  The  sunlight  alone 
would  have  given  the  ordinary  solar  spectrum  with  the 
D  lines  of  a  certain  degree  of  darkness.  The  sodium 
flame  alone  would  have  given  two  bright  lines  just 
where  the  dark  d  lines  of  the  wAsr  spectrum  appear. 
What  he  expected  was,  naturally,  that  the  bright  lines  of 
the  sodium  spectrum  would  at  least  partially  reduce  the 

vliole  amngsmant  aeema  singul&rly  ineffeetiTe  in  compariion  with  the 
■pectFoBCopfa  DOT  in  use ;  for  eismplp,  if  we  compare  Kircbhoff's 
bttterj  with  the  battel;  of  prieme  in  the  fine  Epectroecope  made  bj 
Brovniiig  for  Mr.  Gugiot,  the  formei  a«emi  slmoet  ridiculous  in  it« 
imp^eetneae.  '  A  rough  or  a  ineeze,'  it  has  been  veil  remarked, 
'  would  aet  that  whole  battery  in  dimray,  with  which,  nevertheUne, 
Hirchhoff  solved  the  secret  of  the  solar  spectrom.' 
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darkness  of  the  coreaponding  d  lines,  even  if  they  did 
not  altogether  cause  these  dark  lines  to  disappear,  or  to 
be  replaced  by  bright  lines.  But  these  lines  actually- 
appeared  darker.  It  was  precisely  as  though  an  ex- 
perimenter Trere  to  cast  a  beam  of  light  exactly  upon  a 
shadow,  and  to  see  the  shadow  actually  inteneified 
instead  of  the  reverse. 

Kircbhoff  proceeded  to  test  this  astonishing  result. 
'  I  exchanged  the  sunlight  for  the  Drummond's  or 
oxy-hydrogen  lime-light,  which,  like  that  of  all  incan- 
descent solid  OF  liquid  bodies,  gives  a  spectrum  con- 
taining no  dark  lines.  When  this  light  was  allowed  to 
fall  through  a  suitable  flame  coloured  by  common  salt, 
dark  lines  were  seen  in  the  spectrum  in  the  position  of 
the  sodium  lines.  The  same  phenomenon  was  observed 
if,  instead  of  the  incandescent  lime,  a  platinum  wire 
was  used,  which,  being  heated  in  a  flame,  was  brought 
to  a  temperature  near  its  melting  point  by  passing  an 
electric  current  through  it.' 

These  experiments  were,  if  possible,  even  more 
striking  than  the  former;  for  now  Kirchhofl^had  two 
lights  which  seemed  to  produce  darkness.  The  electric 
light  alone  covered  with  its  continuous  spectrum  the 
place  where  the  sodium  lines  appear  in  the  solar  spec- 
trum ;  the  sodium  light  alone  lit  up  this  very  part  of 
the  spectrum.  When  the  two  lights  were  both  shining 
one  would  have  expected  the  result  to  be  an  increased 
brightness  in  this  part ;  instead  of  which  there  actually 
resulted  darkness. 

The  observed  fact  Ib  in  itself  important :  its  inter- 
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pretatioD  involves  one  of  the  most  important  facts  ever 
discovered  by  man.     It  is  well  to  distinguish  between    ' 
the  two. 

The  observed  fact  is  that  the  sodium  flame,  which 
emits  rays  of  a  certain  oi-der  of  refrangibiUty — that  is, 
raya  which,  if  passed  through  a  prism,  will  follow  a 
certain  path — baa  the  power  of  absorbing  rays  of  pre- 
cisely the  same  order.  The  interpretation  of  the  fact 
is  founded  on  the  existence  of  a  law  which  is  thus 
worded  by  Professor  Hoscoe — ■*  Every  substance  which 
emits  at  a  given  temperature  certain  kinds  of  light,  must 
possess  the  power  at  that  tame  temperature  of  absorb- 
ing the  same  kinds  of  light'  * 

■  This  u  merely  a  eorollu?  from  a  more  ganeral  law,  aecordliig  to 
which  the  some  ralatiou  holde  betireen  tlie  powen  which  BubataaceB 
pouess  of  emitting  and  abaorbing  heat-TareB  u  well  u  lighb-wBTPH 
and  aetinic-waTM.  The  law  called  the  thaoFj  of  ezcbaDge«  was  first 
enanetated  for  heatbj  Preroet  of  Oeaevo,  and  has  since  been  established 
for  heat  and  light  bv  tbe  reseucbes  of  PreT08ta;s,  Dessaias,  Stewart, 
and  Kircbhoff.  80  far  as  the  application  of  the  theory  to  light  is  con- 
cerned, it  most  be  admitted  thatthere  are  still  manj  difficulties  in  ths 
waj  of  its  complete  acceptance.  These  difBenlties  somewhat  impoctantlj 
aSect  onr  eondnsions  where  we  are  muiidering  the  qipUcation  of  the 
theoij  in  mode  and  meaanre  to  speetroacopic  reaearchee,  thou^  eo  far 
at  the  general  resnlta  here  chieSj  considered  are  coacemed,  thaj  need 
not  greatly  trouble  us. 

I  maj  refer  my  reader  to  Dr.  Stewart's  EltmmtaTy  T^^atiu  on  Htal 
tat  a  very  inteieating  examination  of  the  subject  and  the  demonstration 
of  the  fundameutal  principles  involved  in  the  law.  Bat  I  must  cantiar 
the  reader  against  one  point  in  the  coarse  of  Dr.  Stewart's  reasoDing. 
which  is  TB17  likely  to  mislead,  and  iDVolres  aa  error  in  an  optical 
snbject  of  consideiBble  importance.  It  is  necessary  for  the  demonstra- 
tion that  tlie  course  of  rajs  (light-rays  or  heat-rays)  not  Mling  qnite 
pnpendieularij,  or  rather  not  strictly  parallel  to  each  other,  should  be 
conaidarwl,  and  Dr.  Stowart  removes  the  difficulty  for  small  beams  of 
i{^t  or  heat,  by  considering  the  size  of  ths  source  of  light.  He  taj*, 
'lost  M  a  line  it  in  leality  always  part  of  the  boundaij  of  a  solid,  so 
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Kirchhoff  experimented  on  other  elranents.  He 
*  found  that  a  flame  coloured  by  potassium  causes  dark 
lines  to  appear  on  the  continuous  spectrum  of  the  lime- 
light, and  that  theae  lines  appear  precisely  where 
bright  lines  are  seen  when  the  spectrum  of  that 
coloured  flame  is  viewed  alone.  The  same  was  proved 
by  Kirclihoff  and  Bunsen  for  the  lines  of  lithium, 
calcium,  strontium,  and  barium ;  while  it  has  been 
shown  to  hold  for  other  elements  by  Dr.  Miller  and 
others. 

But  now  that  the  general  law  was  established,  im- 
portant results  respecting  solar  physics  were  established 
along  with  it.  Since  Kirchhoff  had  proved  that  when  the 
electric  light  shines  through  a  sodium  flame,  the  sodium 

n  nij  in  alwBfB  in  rSRlItj  part  of  the  boundaij  of  K,  beam  or  pencil  of 
light.  We  mny  Hitiafy  onrBelreB  that  this  is  the  ease  in  natnie  by 
considering  the  light  whicli  reaches  the  eye  from  a  etar  or  other  obJMt 
apparently  nrj  small ;  Ibis  would  S6«m  to  b«  the  neaiegt  approach  to 
a  geometrica]  line  of  light,  vhereu  sinca  a  star  hae  a  cortaiii  nd, 
though  Tery  miante,  angular  diameter,  the  li^t  from  it  is  in  reality  a 
eoiiTerging  pencil,  although  no  donbt  the  angle  of  conTergence  is  Teij 
small'  On  Siccoaat  of  the  import&Dce  of  the  optlnl  connderstiona  in 
qnestioQ,  I  may  be  pennitted  to  correct  what  is  undoubtedly  an 
erroneous  statement.  The  difficulty  must  be  got  over  by  conndaring 
the  size  of  the  object  on  which  light  or  heat  rays  &11,  not  by  eon- 
sidehng  the  lize  of  the  source  of  light.  There  ia  no  such  thii^  in 
nature  as  a  convetging  pencil  of  light  proceeding  directly  from  ft 
lumioons  objecL  All  real  p<>ncils,  whether  of  light  or  of  heat,  are 
originally  diverging ;  they  direrge  fi-om  erery  point  of  the  self- 
Inminons  or  heat-giving  body,  and  the  angle  of  their  diverg«nce  it 
real — however  minute  it  may  be — so  long  as  the  object  which  receive* 
light  or  heat  ha«  real  dimanetons,  however  minute.  This  oonsideiation 
doea  not  afiect  the  conclusions  deduced  by  Dr.  Stewart,  since  un- 
doubtedly the  diverging  pendls  of  light  or  heat,  from  a  source  of  con- 
siderable dimensions,  form  a  converging  beam,  when  we  considar  them 
with  rsAnnce  to  a  smaller  olject  on  which  they  £tlL 
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lines  appear  as  dark  lines  across  the  continuous  spec- 
trom  of  the  electric  light,  what  was  more  obvioua  than 
^e  conclusion  that  sunlight  also,  which  shows  these 
same  dark  lines,  must,  before  reaching  us,  have  passed 
through  the  vapour  of  sodium,  Kither  then,  in  our 
own  atmosphere,  or  in  the  atmosphere  of  the  Sun,  this 
familiar  metal  sodium,  the  basis  of  such  commonplace 
substances  as  salt  and  soda,  must  exist  in  quantities 
sufficient  to  cause  the  observed  absorption-lines. 

But  more  than  this,  those  countless  other  lines  which 
cross  the  eolar  spectrum  must  each  indicate  some 
process  of  absorption  exerted  bj  vapours  in  our 
atmosphere  or  his.  Since  the  presence  of  sodium  has 
thns  been  demonstrated,  why  may  not  the  presence  of 
other  elements  be  in  like  manner  rendered  apparent? 

Kirchhoff  did  not  long  delay  the  inquiry  thus  sug- 
gested. He  compared  the  spectrum  of  iron  (or,  to  use 
the  accepted  mode  of  expression,  the  spectrnm  of  the 
luminous  vapour  of  iron)  with  the  solar  spectrum. 
Now,  the  spectrum  of  iron  as  known  to  Kirchhoff 
contained  some  sixty  bright  lines.*  There  was  a 
great  difference,  then,  between  this  spectrnm  and 
that  of  sodium.  Yet,  to  his  astonishment,  Kirchhoff 
found  that  precisely  as  the  two  sodium  lines  agree 
with  the  D  lines  of  the  sodium  spectrum,  so  every 
one  of  the  iron  lines  had  its  counterpart  in  the  solar 
spectrunnut     Line  for  line,  and  not  only  so,  but  strong 

*  Usny  xtoralwTe  tiuce  been  diseofend;  in  fsct,  there  ore  now  mem 
than  4S0  recogniied  iron  lines, 
t  It  ii  haidl;  uecSHuy  to  note,  perhapti,  that  Kiichhoff  conld  not 
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line  for  BtroDg  line,  and  faint  line  for  faint  line,  every 
line  of  the  iron  spectram  appears  as  a  dark  tine  in  the 
Bpectnim  of  the  Sun  ! 

KirchhofT  in  all  probability  never  questioned  for  a 
moment  the  concluaiveness  of  this  relation.  He  must 
have  felt  its  sigaifieance  intuitively.  It  was  probably, 
therefore,  only  to  satisfy  others  that  he  presented  a 
strong  argument  from  the  theory  of  probabilities  in 
favour  of  the  view  that  the  observed  relation  implied  a 
real  association  between  the  two  seta  of  lines.  Taking 
as  ^  the  chance  that  a  bright  line  in  tJie  iron  spectrum 
would  seem  to  have  a  counterpart  in  the  richly  '  lined ' 
solar  spectrum  if  accident  were  alone  in  question,  he 
calculates  that  the  chance  of  the  observed  relation 
(leaving  altogether  out  of  question  the  relative 
Btrength  of  the  lines)  is  less  than 


1 ,000,000,000,000,000,000.» 

*  Hence,'  remarks  KirchhofT, '  this  coincidence  must 

BBt&bliBh  this  result  in  the  same  rtj  Be  the  fqnner,  because  he  could 
t  caoBe  Bonligbc  t«  abine  tbroogb  the  glowiog  vapour  of  iroo.  H« 
iployed  K  method  quite  as  satJafactoiy  however,  causing  the  light 
HD  iioD  vaporised  by  tJie  electric  spark  to  form  a  spectrum  side  by 
le  wilh  the  solar  spectrum,  the  solar  hght  being  admitted  directly  to 
e  battery  of  prisms ;  that  of  the  iron  being  admitted  aft«r  reflection 
rough  a  small  prism  near  the  elit. 

*  To  this  I  maj  add  that  the  chance  of  theobeerred  relation,  novthat 
iO  lines  of  iron  are  recognised,  is  less  than  a  fraction  whose  numerator 
anitj,  and  whose  deuominator  consiats  of  no  less  than  136  fignrea  {the 
'st  four  being  2907).  This  chancs  ia  not  very  unequal  to  that  which 
have  sfaovn  to  correspoad  to  the  probability  that  one  of  the  less 
srbed  peculiariljea  of  stellar  arrangement  detected  by  me  while 
Qttntcting  my  large  atai-allaa,  is  due  to  mere  chance ■distributJon. 


HX.gk 


ANALrSIXG  SUNLIGHT.  123 

be  produced  by  some  cause,  and  a  cause  can  be  assigned 
which  affords  a  perfect  explanation  of  the  phenomenon. 
The  observed  phenomenon  may  be  explained  by  the 
supposition  that  the  rays  of  light  which  form  the  aolar 
spectrum  have  passed  through  the  vapour  of  iron,  and 
have  thus  suffered  the  absorption  which  the  vapour  of 
iron  must  exert  As  this  is  the  only  assignable  cause 
of  the  coincidence,  the  supposition  appears  to  be  a 
necessary  one.  These  iron  vapours  might  be  contained 
either  in  the  atmosphere  of  the  Sun  or  in  that  of  the 
Earth.  But  it  is  not  easy  to  understand  how  our 
atmosphere  can  cont^n  such  a  quanti^  of  iron  vapour 
'  as  would  produce  the  very  distinct  absorptdon-liues 
which  we  see  in  the  solar  spectrum,  and  this  supposi- 
tion is  rendered  still  less  probable  by  the  fact  tiiat 
these  lines  do  not  appreciably  alter  when  the  Sun 
approaches  the  horizon.  It  does  not,  on  the  other  band, 
seem  at  all  unlikely,  owing  to  tbe  high  temperature 
which  we  must  suppose  the  Sun's  atmosphere  to 
possess,  that  such  vapours  shoiild  be  present  in  it 
Hence  the  observations  of  the  solar  spectrum  appear  to 
me  to  prove  the  presence  of  iron  vapour  in  the  solar 
atmosphere  with  as  great  a  degree  of  certainty  as  we 
can  attain  in  any  question  of  natural  science.' 

Thua  cautiously  did  Kirchhoff  proceed  in  establish- 
ing the  great  principle  on  which  spectroscopic  re- 
searches into  solar  physics  were  to  depend.  Nothing 
can  perhaps  be  required  to  strengthen  the  confidence 
of  the  readeriDtbejustice  of  this  principle.  Yet  it  may 
be  added  that  the  effect  of  our  own  atmosphere  on  the 


solar  spectrum  is  now  thoroughly  recognised  and  found 
to  correspond  with  the  density  of  the  layers  through 
which  the  Sun's  rays  penetrate  at  different  hours  of 
the  day.  The  reader  may  further  be  reminded  of  what 
has  been  already  said  respecting  the  eyidence  afforded 
by  the  character  of  stellar  spectra.  All  those  spectra 
would  undoubtedly  be  similar  to  each  other  and  to  the 
solar  spectrum  if  our  atmosphere  contained  the  source 
of  all  the  spectral  dark  lines.  It  is  to  be  noted  also 
that  while  the  coincidences  in  the  case  of  iron  serve  to 
confirm  any  evidence  we  may  derive  from  other  coin- 
cidences, they  are  also  confirmed  by  such  evidence ; 
because  as  one  afler  another  the  terrestrial  elements 
are  found  to  have  spectral  lines  corresponding  with 
the  solar  dark  lines,  the  general  fact  becomes  more  and 
more  firmly  established  that  the  Sun  is  constituted  of 
those  elements  with  which  we  are  familiar. 

Kirchhoff  found  that  calcium,  magnesium,  and  chro- 
mium exist  in  the  solar  atmosphere.  The  presence  of 
nickel,  also,  and  cobalt  was  indicated  by  the  agreement 
of  the  most  conspicuous  of  their  lines  with  solar  dark 
lines.  All  the  lines  of  these  metals,  however,  could 
not  be  recognised,  nor  were  the  coincidences  in  the 
case  of  cobalt  sufficient  to  satisfy  Kirchhoff.  '  I  con- 
sider myself  entitled,'  he  says, '  to  conclude  that  nickel 
is  visible  in  the  solar  atmosphere ;  but  I  do  not  yet  ex- 
press an  opinion  as  to  the  presence  of  cobalt.  Barium, 
copper,  and  zinc,'  he  proceeds,  *  appear  to  be  present 
in  the  solar  atmosphere,  but  only  in  small  quantities; 
the  brightest  of  the  lines  of  these  metals  correspond  to 
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distinct  lines  in  the  solar  spectrum,  but  the  weaker 
lines  are  not  noticeable.  The  remaining  metala  which 
I  bare  examined,  viz.  gold,  silver,  mercury,  aluminium, 
cadmium,  tin,  lead,  antimony,  arsenic,  strontium,  and 
lithium,  are,  according,  to  my  observatiooB,  not  visible 
in  the  solar  atmosphere.' 

I  have  thuB  far  quoted  Kirchboff,  not  because  the  ac- 
count of  his  investigations  exhibits  the  actual  state  of 
our  knowledge  at  the  present  time,  but  because  they 
are  so  associated  with  the  discovery  of  the  great  prin- 
ciple on  which  spectroscopic  analysis  depends  as  to  have 
an  interest  wholly  distinct  from  that — great  as  it  is — 
which  they  derive  from  their  intrinsic  importance.  It 
would  occupy  much  more  space  than  is  here  at  my 
disposal  to  exhibit  the  progress  of  research  by  which 
our  knowledge  of  the  solar  spectrum  has  reached  its 
present  position.  For  the  full  history  of  the  subject  I 
would  refer  my  readers  to  Dr.  Scbellen's  admirable 
*  Spectralanalyse,"  and  to  the  excellent  treatise  on 
spectroscopic  analysis  by  Professor  Boscoe.  So  far  as 
my  purpose  in  this  place  is  concerned  it  is  only  neces- 
sary for  me  to  sum  up  the  results  of  the  search  for 
coincidences  between  solar  dark  lines  and  the  bright 
tines  of  terrestrial  elements — in  other  words,  to  exhibit 
the  elements  which  exist,  so  far  as  is  yet  known,  in  the 

*  A  (mulBttoa  of  this  work  hj  the  daogbten  of  Ur.  IamsU,  P.R.A.S., 
vhI  ediUd  by  Dr.  Hugging,  the  ^reat  EugllBh  master  of  the  tnbjeet, 
vUl  probablj  be  publiBhed  (by  Maois.  LoDgmaiu)  before  this  vorfc 
kppean.  It  will  ooutain  nukny  impoitant  addiUoiu  bb  comp&red  irith 
the  first  QenuftD   edition,  and  eannot  £ul  to  be  a  work  of  extreme 
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BubBtance  of  the  great  central  luminary  of  our  system. 
The  following  table,  drawn  up  by  M.  Angstrom, 
exhibits  the  number  of  lines  belonging  to  the  several 
elements  enumerated,  which  have  been  found  to  cor- 
respond  with  dark  lines  of  the  solar  spectrum : — 


HjdK^en   . 

* 

MangauMe 

Sodium 
Barium 

9 
11 

Chromium 
Cobalt      . 

Calci<in      . 
Magu^Binm 
Alumioium 

Iron   .        . 

.      76 

4  +  (3  ?) 
.        2? 
.    450 

Hickd      . 
Zinc         . 
Copper     . 
Titanium 

It  will  be  noticed  that  the  solar  spectrum  shows  no 
traces  of  the  existence  of  the  nobler  metals,  gold  and 
silver,  nor  of  the  heavy  metals,  platinum,  lead,  and 
mercury.  -On  the  other  hand,  it  is  significant  that  the 
lines  of  nitrogen  and  oxygen  are  absent,  though  these 
gases  can  scarcely  be  supposed  to  be  actually  wanting. 
We  must  remember,  in  forming  an  opinion  as  to  the 
absence  of  these  elements  (as  also  of  such  elements  as 
carbon,  boron,  silicon,  and  sulphur),  that  while  the 
-resence  of  certain  lines  in  the  solar  system  may 
rove  abundantly  that  the  terrestrial  element  which 
EiB  corresponding  bright  lines,  exists  in  the  Sun's  sub- 
Ance,  it  by  no  means  follows  with  equal  certainty 
lat  because  all  the  lines  of  an  element  are  wanting  in 
le  Bolar  spectrum,  therefore  the  Sun  does  not  cont^n 
lose  elements.  This  will  appear  when  we  consider 
le  various  circumstances  which  may  cause  an  element 
ially  existing  in  the  Sun's  substance  to  afford  no 
ace  of  its  presence.     In  the  first  place,  the  vapour  of 
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that  element  may  be  of  a  density  causing  it  to  lie 
always  at  a  very  low  level,  and  therefore  perhaps 
altt^ether  beneath  that  level  whence  proceeds  the 
white  light  of  the  Sun — that  is,  the  light  which  gives 
the  coDtinuons  spectrum  across  which  the  dark  lines 
lie.  Or,  ag^n,  the  element  may  exist  in  the  Sun's 
substance  at  such  a  temperature,  or  at  such  a  pressure, 
as  to  produce — not  well  defined  absorption  lines,  but 
— only  broad  faint  bands,  which  no  optical  means  we 
possess  can  render  sensible  as  such.  Or,  again,  the 
element  may  be  in  a  condition  enabling  it  to  radiate  as 
mnch  light  as  it  absorbs,  or  else  very  little  more  or 
very  little  leas — so  that  it  either  wholly  obliterates  all 
signs  of  its  existence,  whether  in  the  form  of  dark  lines 
or  bright  lines,  or  else  gives  lines  so  little  brighter 
or  darker  than  the  surrounding  parts  of  the  spec- 
trum tbat  we  can  detect  no  ti'ace  of  their  existence. 
In  these,  and  in  yet  other  ways,  elements  may  really 
exist  (or  rather  undoubtedly  do  exist  in  the  Sun) 
of  whose  presence  we  can  obtain  no  trace  what- 
ever. 

In  other  chapters  of  this  work  tlie  evidence  afforded 
by  the  spectroscope  respecting  the  condition  of  various 
parts  or  appendages  of  the  Sun,  as  the  spots,  faculss, 
pores,  prominences,  corona,  and  so  on,  will  be  con- 
sidered at  length,  as  also  the  various  theories  to  which 
such  evidence  has  ^ven  rise.  I  conclude  Hiis 
chapter  by  enunciating  the  general  rules  of  spectral 
analysb,  and  by  explaining  the  rationale  of  certain 
recent   applications   of  the   spectroscope  which  have 
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deservedly  attracted  great  interest,  but  are  not  perhaps 
very  generally  understood. 

The  general  piinciples  of  spectroscopic  analysis  are 
as  follows : — 

1.  An  incandescent  solid  or  liquid  gives  a  continuous 
sp«ctrum. 

2.  A  glowing  vapour  gives  a  spectrum  of  bright 
lines,  each  vapour  having  its  own  set  of  bright  lines, 
BO  that  from  the  appearance  of  a  bright  line  spectrum 
we  can  infer  the  nature  of  the  vapour  or  vapours  whose 
light  forms  the  spectrum. 

3.  An  incandescent  solid  or  Uqoid  shining  tlirough 
absorbent  vapours  gives  a  rainbow-tinted  spectrum 
crossed  by  dark  lines,  these  dark  lines  having  the  same 
position  as  the  bright  lines  belon^ng  to  the  spectra  of 
the  vapours. 

4.  Light  reflected  from  any  opaque  body  gives  the 
same  spectrum  as  it  would  have  given  before  reflec- 
tion. 

5.  But  if  the  opaque  body  be  surrounded  by  vapours, 
the  dark  lines  corresponding  to  these  vapours  appear 
in  the  spectrum  with  a  distinctness  proportioned  to  the 
extent  to  which  the  light  has  penetrated  these  vapours 
before  being  reflected. 

6.  If  the  reflecting  body  is  itself  luminous,  the  spec- 
trum belonging  to  it  is  superadded  to  the  Bpectrum 
belonging  to  the  reflected  light. 

7.  Glowing  vapours  surrounding  an  incandescent 
body  will  cause  bright  lines  or  dark  lines  to  appear  in 
the  spectrum  according  as  they  are  at  a  higher  or  lower 
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temperAtnre  than  the  body ;  if  they  are  «t  the  same 
temperature,  they  will  emit  just  so  much  light  as  to 
compensate  for  that  which  they  absorb,  in  which  case 
there  will  remain  no  trace  of  their  presence. 

8.  Tbe  electric  spark  presents  a  bright-line  spectrum, 
eomponnded  of  the  spectra  belonging  to  those  vapours 
between  which  and  of  those  through  which  the  dis- 
charge takes  place.  According  to  the  nature  of  these 
yapouFB,  and  of  the  discharge  itself,  the  relative  inten- 
sity of  the  component  parts  of  the  spectrum  will  vary. 

It  will  be  seen,  as  we  proceed,  that  all  these  prin- 
ciples bear  more  or  less  directly  on  the  application  of 
Bpectroflcopic  analysis  to  the  interpretation  of  solar 
phenomena. 

In  all  branches  of  spectroscopic  research  certain  dif- 
ficulties have  to  be  specially  dealt  with,  while  certain 
circumstances  avail  to  help  the  observer.  We  are  now 
to  consider, — first,  the  means  which  are  available  to  the 
astronomer  for  the  special  purpose  of  advancing  our 
knowledge  of  solar  phyucs;  and,  secondly,  the  peculiar 
difficulties  which  he  has  to  overcome. 

In  the  experiment  illustrated  in  fig.  21  we  see  the 
action  of  a  single  prism  on  the  solar  light.  But  the 
time  has  long  since  passed  when  the  action  of  a  single 
prism  conld  teach  us  anything  new  respecting  the  Sun. 
The  observer  has  to  work  nowadays  with  a  battery  of 
prisms.  A  portion  of  light  which  has  been  already  dis- 
persed by  one  prism  is  received  on  another,  and  is  thus 
yet  more  dispersed ;  a  portion  of  this  doubly  dispersed 
light  falls  agun  on  another  prism  and  emerges  yet  more 
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dispersed ;  a  portion  of  this  trebly  dispersed  light  falls 
on  a  fourth  prism,  and  so  on — the  number  of  prisma 
actually  employed  depending  on  the  special  branch  of 
inquiry  which  is  being  pursued,  for  some  require  more 
disper^Te  power  than  is  necessary  for  others. 

Space  compels  me  to  limit  my  description  specially 
to  the  action  of  the  prismatic  battery,  and  I  therel'ore 
neither  describe  nor  illustrate  the  means  adopted  for 
causing  a  suitably-shaped  beam  of  solar  light  to  fall  on 


the  first  face  of  the  first  prism.  I  therefore  simply 
state  the  fact  that,  in  the  study  of  the  solar  spectrum,  a 
beam  whose  cross  section  is  as  s  s'  (fig.25),  the  shape  of 
the  slit  through  which  light  is  admitted,  falls,  as  shown 
in  fig.  25,  upon  the  first  prism  of  the  battery,  or  prism  1 
in  the  figure.  If  a  screen  were  placed  to  interce[)t  this 
beam  anywhere  between  s  s'  and  prism  1,  therewould 
be  seen  upon  the  screen  a  bright  bar  of  light  shaped 
like  6  s'.  Prism  1  disperses  this  beam  in  the  manner 
already  described,  and  the  heiun  falls  thus  dispersed  on 
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prism  2.  If  a  screeD  were  placed  to  intercept  the  beam 
anywhere  between  prism  1  and  prism  2,  a  short  solar 
spectrum  would  be  seen  on  it,  the  violet  end  lying 
towards  the  bases  of  the  prisms;  and,  assuming  the 
battery  of  pnsms  to  lie  on  a  horizontal  plane,  the  length 
of  the  spectrum — that  is,  its  extensioBi  measured  from 
red  to  violet — would  be  horizontal.  Then  this  beam 
passes  to  3 ;  and  if  a  screen  were  placed  between  2  and 
3  a  somewhat  longer  spectrum  would  be  seen.  Between 
3  and  4  the  spectrum  would  be  still  longer.  And, 
lastly,  a  screen  placed  beyond  t^e  last  prism,  a»  ab, 
would  show  the  solar  spectrum  much  longer  and  pro- 
portionately fainter  than  in  Newton's  experiment.  And 
although  no  8u(^  screen  is  used  by  spectroscopists,  who 
receive  the  emergent  rays  into  a  telescope  with  which 
they  examine  the  spectrum,  it  will  be  convenient  for 
our  purpose  to  refer  at  present  to  a  spectrum  supposed 
to  be  received  on  a  screen,  as  in  fig.  25. 

^ow,  on  ab\  have  shown  a  violet  image  of  the  slit 
T,  an  indigo  one  I,  and  so  on,  to  a  red  im^e  at  R.  But 
there  are  an  infinite  number  of  images  ranged  from  the 
extreme  violet  end  to  the  extreme  red  end.  In  places, 
however,  no  images  are  formed.  The  spaces  thus  left 
without  light  are  the  dark  lines. 

It  is  not  difficult,  then,  to  see  on  what  conditions  the 
vifflbility  of  the  dark  lines  will  necessarily  depend.  If 
we  could  have  a  slit  which  was  a  true  mathematical 
line,  every  dark  space  would  be  present  in  the  screen, 
even  though  the  dispersive  power  were  smalL  But,  as 
a  matter  of  fact,  die  slit  has  a  definite  breadth,  however 
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oanow  we  may  make  it.  Now,  eoppose  that  A  B  c 
{fig.  26)  represents  a  small  part  of  the  solar  spectrum 
as  shown  on  the  screen  in  fig.  25,  but  that  the  tnte 
nature  of  this  part  of  the  solar  spectrum*  is  shown  in 
the  narrow  hand  a  &  c,  so  that  in  reality  sunlight  has 
no  rays  whose  refrangibility  corresponds  to  the  band  at 
b.  Suppose,  further,  that  the  aperture  of  the  slit  is 
equal  in  width  to  this  band  b.  Then  the  light  corre- 
Bponding  to  tbe  extreme  limits  of  the  light  in  a  i  c,  will 
form  the  two  images  of  the  slit  shown  at  b;  these 
images  will  meet,  and  do  absolutely  black  line  will  be 


seen.  There  will,  however,  be  a  dusky  band,  darkest 
down  the  middle,  and  twice  as  broad  as  the  true  band 
b.  But  now  consider  the  effects  of  an  increase  of  dis- 
persive power.  Say  we  double  the  length  of  the  spec- 
trum, or  rather  of  the  particular  part  shown  in  figs.  26 
and  27.  Then  the  parts  a  b  c  of  the  real  solar  spectrum 
will  all  be  doubled  in  length,  and  in  the  observed  solar 
spectrum  the  light  corresponding  to  the  extreme  limita 
of  the  band  b  will  produce  the  two  images  of  the  siit 

■  Tbc  tme  nature  of  tke  toita  tpeetrtun  mnj  be  Mguded  a>  tbitt 
correspoDding  to  the  iiiuiginai7  cms  of  &  gilt,  whidi  abonld  be  ft  tnw 
mulhematical  linr,  und  of  a  batt^i^  of  priBms  which  ihotdd  csnae  no 
apLlcsl  (suits  vhntaTer,  iniomui^h  [hut  the  image  of  die  ilit  lur  rajB 
<if  Bii;  order  of  rc&ftngibility  would  tUo  be  •  matbanutical  line. 
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shown  at  B  aii<l  b',  but  these  will  be  no  wider  than  be- 
fore, and  will  be  separated  \>y  a  really  black  band,  half 
as  wide  as  h.  This  band  will  be  bordered  by  a  penum- 
bral  fringe  whose  boundaries  are  indicated  by  the  dotted 
lines,  the  whole  breadth  from  dotted  line  to  dotted 
line  being  half  as  great  again  as  that  of  the  hand  b. 

The  reader  will,  therefore,  at  once  see  the  importance 
of  increasing  the  dispersive  power  of  our  battery  of 
prisms ;  since  in  this  way  very  fine  lines  which  might 
otherwise  escape  detection  can  he  rendered  visible. 
Also,  it  is  obvious  that  two  lines  very  close  together 
would  be  shown  as  one  with  a  certain  amount  of  dis- 
persive power,  while  with  more  dispersive  power  they 
would  be  clearly  separated.  Yet  once  more,  a  line  in 
the  solar  spectrum  which  teemed  to  coincide,  without 
being  really  coincident,  with  the  bright  line  of  some 
metallic  spectrum  (brought  into  comparison  with  the 
Sun's  in  the  manner  referred  to  above)  might,  by  in- 
crease of  dispcnive  power,  be  removed  appreciably  from 
its  supposed  counterpart 

So  far,  then,  as  the  direct  examination  of  the  solar 
spectrum  is  concerned,  we  must  aim  specially  at  the 
means  of  increasing  dispersion.  It  will  be  seen,  also, 
further  on,  that  in  two  highly  important  applications  of 
the  analysis — viz.  to  the  examination  of  the  promi- 
nences, and  to  the  recognition  of  motions  of  approach  or 
recess  due  to  solar  cyclones — great  dispersion  is  the 
chief  point  to  he  secured  by  the  specttoscopist. 

But  fig.  24  shows  that  certun  difficulties  have  to 
be  encountered  in  securing  great  dispersion.    Only  the 
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part  of  the  spectrum  near  o  bus  been  formed  (in  the  case 
illuBtrated  in  that  figure)  by  rays  which  have  gone  sym- 
metrically through  the  battery  of  prisms.  The  rays 
forming  the  part  near  V  have  gone  through  the  middle 
of  prism  l,andcomeoutneRrtheba8eofpri8m4;  while 
those  forming  the  pert  B  passing  also  through  the  middle 
of  prism  1,  come  out  near  the  vertex  of  prism  4.  Now, 
optical  considerations  render  it  essential,  or  at  least  ex- 
tremely important  as  far  as  the  clear  definitioii  of  the 
lines  is  concerned,  that  each  part  of  the  Hpectrum  should 
be  formed  by  rays  which  have  gone  symmetrically  round 
BQch  a  battery  as  is  shown  in  fig.  24.*  Furthermore, 
when  the  dispersion  is  very  great  only  a  portion  of  the 
spectrum  will  be  formed  at  all  (some  at  either  extre- 
mity falling  outside  the  last  prism — beyond  apex  and 
base)  when  the  prisms  occupy  a  fixed  position.  Then, 
again,  when  the  light  has  been  bent  round  a  nearly 

*  The  point  to  be  iMDred  !b  that  the  nya  formiog  uxj  pirt  of  Um 
■pectram  uoder  eiaminatioa  ihonld  pMa  into  and  out  <^  Mch  prism 
at  equal  angles  (as  the  light  fonuing  the  part  o  of  the  epecttiun  in 
Bg.  26  does).  It  nut;  be  ebown  that  in  this  case  those  sprcial  lays 
piu  with  least  possible  derialioo  through  each  prieni,  so  that  the 
eondition  U  geaeiallf  called  that  of  niMinunn  dteiaiioyt.  Bat  minimom 
deviation  ptr  ft  ha«  no  adrftntages,  and,  as  a  matter  of  fact,  the  real 
condition  secnnd  bj  this  arningemMit  is  that  the  primuj  and 
sacondaiy  foci  of  emergent  pencils  are  ss  nearly  aa  posaible  coincident ; 
BO  that,  though  the  image  of  the  slit  formed  by  those  special  raja  is 
not  farmed  bj  abeolnte  potnU  of  light,  it  i>  formed  by  circles  (techni- 
calty  called  'circle*  of  least  confnaon')  haring  the  smallen  poeaibls 
diameter.  In  a  paper  in  the  MantUy  Natictt  of  tha  JttroTtomiad 
Seeieijr,  toL  xxz.,  I  have  shown  that  the  circle  of  least  oonfosioD  has 
in  diis  case  a  definite,  though  eicMiUngly  minute  diameter,  even  in  the 
case  of  a  single  prism.  The  mathematical  ezpreMion  for  the  ndius  of 
tluR  circle  is  given  in  that  paper,  but  is  somewhat  too  complex  to  be 
KpeeCcd  with  advantage  ia  these  pages. 
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complete  circle  of  prisms,  as  in  fig.  26,  the  emergent 
ligbt  E  b'  will  be  intercepted  by  the  first  priem  of  the 
battery ;  and  tJiis  circumstaace  limits  tlie  dispersion 
which  con  be  given  in  this  manner. 
Fro.  28. 


Let  us  consider  how  these  difficulties  have  been  or 
may  be  encountered. 

We  owe  to  Mr.  Browning  the  invention  of  a  most 
iagenious  plan  by  which,  whatever  part  of  the  solar 
spectrum  is  studied,  the  battery  of  prisms  will  be 


properly  adjusted.  In  his  automatic  spectroscope  he 
attaches  to  each  prism  a  slotted  bar,  as  shown  in 
fig.  29.  All  the  slots  pass  over  a  central  pivot,  and  the 
prisms  are  attached  at  their  angles  as  shown.     Hence 


og\c 


they  must  necessarily  be  at  all  times  Bymmetricany 
placed  ;  so  that  if  1  be  fixed  and  motion  be  communi- 
cated to  4,  then  2  and  3  will  move,  each  in  its  proper 
degree,  and  all  fonr  will  preserve  their  proper  relative 
positions.  In  Browning's  spectroscope  there  are  six 
such  prisms,  and  the  light  emei^ng  from  the  sixth 
passes  just  clear  of  1. 

I  have  Gu^ested  a  modification,  by  which  only  a 
comer  of  the  first  prism  is  fixed,  as  at  fig.  30,  and  this 


prism  is  automatically  adjusted  like  the  rest, — a  fixed 
slot;*'  square  to  the  path  of  the  incident  light  guid- 
ing the  motion  of  this  prism  according  to  the  Tef|uired 
law.  In  like  manner  I  have  su^ested  that  the  view- 
ing telescope  should  be  guided  on  the  same  principle 
of  automatic  motion.* 

*  This  luTRDgnneDt  mmt  be  regarded  u  00I7  on«  oat  of  uTeral 
modificatiflD*  of  «bich  Hr.  Browning*!  iogeniinu  plan  admilg.  It  is 
doubtlen  tliis  modifioition  wbicb  Alone  witiiflrs  the  ntnditious  aimfd 
at ;  and  IhU  circnmatance  renders  it  all  the  more  evideiic  that  it  shonld 
b«  regaHed  as  implicitJj  contained  in  Mr.  Browning'a  pUn.  Nothing 
is  eaeier  tban  to  deviu  modification!,  and  eTen  (as  in  thii  instance) 
improTMnenti  on  the  plans  of  otbera.  Bnt  no  aeparate  merit  can 
fiiirlj  be  claimed  nnder  tuch  circumeuncea.  In  this  ipeciiil  inst^Dce, 
for  example,  I  shonld  not  have  turned  mj  thonghcs  tovards  the 
problem  of  lecnring  (Jie  conditions  of  mininiuin  deviation  for  all  rejs, 
but  for  the  'int«re«t  I  took  in  Mr.  Broming'a  plen.  So  soon  as  he  had 
read  the  paper  describing  hia  plan,  before   the  Rojal  Attronomicol 
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So  far  as  clearneas  of  definition  and  the  Batisfactoiy 
study  of  the  whole  length  of  the  spectrum  are  concemedi 
this  arrangement  leaves  nothing  to  be  desired.  But 
for  a  yet  great«r  increase  of  the  spectrura's  length  more 
is  needed.  We  have  .reached  the  limits  of  dispersion 
which  one  circular  battery  can  give ;  but  it  would  be 
desirable  to  obtain  a  yet  greater  dispersion. 

One  way  in  which  this  can  be  done  is  by  the  use  of 
whatore  called  direct-viBion  prisms.  In  these,  two  flint- 
glass  prisms  (P  f)  are  combined,  as  shown  in  fig.  31, 
with  three  crowa-glasa  prisms.  The  prisms  c  cause 
Fm.  81. 


deviation  and  dispersion  in  one  direction ;  the  prisms  p 
cause  equal  deviation  and  more  dispersion  in  th« 
contrary  direction.  Hence  results  a  balance  of  dis- 
persion without  deviation ;  and  if  we  add  such  a  prism 
to  any  battery  of  prisms,  we  get  all  the  advantage  of  the 
dispersion  without  increasiug  the  deviaUoa  which  had 
been  our  difficulty. 

Sooetj,  I  felt  that  hii  method  inTolved  the  eomplrte  volation  of  the 
diffiealty.  Ue  in  now  oonatmctiDg  ui  ftatom&tic  spectroscope,  in  which 
the  modifliTftlioiu  1  hnvo  Buggmted  hara  been  introduced;  and  aa 
complete  locceM  depeoda  only  od  tha  eiactnasa  with  which  the  no- 
chanicnl  and  optical  relatiooa  are  falfiUpd,  there  can  be  do  doubt  of  the 
result,  for  rigid  accuracy  ie  a  characteriitticfentureof  all  Hr,  Brownio^a 
worti.  Let  it  be  nodentood  clearly  that  if  I  hHve  any  merit  in  the 
jiiatt«r  at  all,  it  eoneiats  in  pointing  one  two  unnoliced  good  qualities  of 
Ur.  BnnrDin^i  own  plan.    Modified  or  not,  the  plan  ia  altogether  hie. 
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■  Yet  there  is  one  important  .disadvantage  ia  direct- 
Vision  priums,  more  especially  when  they  are  employed 
in  researches  requiring  very  neat  and  exact  definition  : 
it  is,  <^  course,  wholly  impossible  to  employ  any  method 
for  securing  minimum  deviation. 

A  plan  by  which  the  dispersion  in  a  battery  of 
prisms  may  be  doubled,  falls  next  to  be  considered. 
Supposing  A  and  B  (flg.  32)  to  be  two  of  the  ordinary 
triangular  prisms  and  c  a  right-angled  prism  half  the 
size  of  the  others,  then  the  rays  which  fall  on  c  d  are 
reflected  back  again  trough  the  battery.     I  need  not 


here  describe  the  contrivance  by  which  the  emergent 
pencil  can  be  viewed  in  such  a  case  by  a  telescope 
in  which  there  is  a  totally  reflecting  prism  sending  the 
light  out  at  right  angles  to  the  axis  of  the  tube. 
According  to  another  arrangement,  in  place  of  such  a 
prism  as  c,  one  is  employed  which  by  two  total  reflec- 
tions ruses  the  rays  to  a  higher  level,  so  that  (the 
prisms  of  the  battery  being  twice  as  high  as  usual) 
the  light  returns  by  a  separate  course. 

I  have  devised  a  plan  by  which  a  much  greater 
dispersion  than  has  ever  yet  been  gained  may  be  com- 
bined with  A  perfectly  true  automatic  adjustment  for 
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all  parts  of  the  spectrum.  In  this  plan  Mr.  Browning's 
automatic  method  ia  extended  to  a  second  battery, 
while  the  plan  for  returning  the  rays,  illustrated  in 
fig.  33,  is  employed  in  such  sort  as  to  double  the  dis- 
petsiTe  power  of  tlie  double  battery,  Fig.  33  shows 
the  arrangement  of  the  two  batteries,  a  b  is  the 
light  incident  on  the  first  battery,  and  the  course  of  the 
light  can  be  traced  by  the  triple  set  of  lines  through  the 


double  set  of  prisms,  the  dotted  return  Hues  showing 
the  course  of  the  return  rays  to  emergence  at  c  <f.  It 
will  be  seen  that  the  large  intermediate  prism  D  B  may 
be  rc^rded  as  belongii^  to  both  batteries.  There  is  no 
loss  of  light  in  passing  from  one  battery  to  the  other, 
since  the  reflection  at  D  d'  is  total.  The  close  double 
lines  show  the  directiou  of  the  slotted  bars,  £  f  being 
a  long  slotted  bar  kept  square  to  the  rays  leaving  the 
face  d'  k  by  means  of  the  equality  of  o  F  and  o  B. 
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(It  pivots  round  E  and  slote  at  f.)*  The  Agure  Bhonsi 
the  arrangement  of  a  battery  having  an  effective  dis- 
persing power  equal  to  that  of  nineteen  equilateral 
prisRiB  of  heavy  flint-ghi8s.t 

.    It  muat  be  remembered  that  what  the  spectroscope 

really  does  is  to  give  a  range  of  pictures  of  whatever 

FiO.  34. 


luminous  object  or  part  of  an  object  would  be  visible 
through  the  slit  if  the  spectroscope  were  removed. 

*  It  i*  not  improbable  that  befon  time  lioM  are  read  ao  inatnunent 
00  this  plaa  will  har«  ban  cotutncUd  hj  Mr.  BrawniDg,  to  vhom  I 
bave  mbmittad  tbt  jmpoatl,  I  cannot  bat  think  that  if  tha  mechani- 
cal and  optical  difflcnltiH  which  tbe  plan  iDrolve*  eta  b«  oreroon* 

(and  if  he  cannot  OTFreome  tbero  I  know  not  who  can),  neh  ■&  ioBtm- 
ment  will  piore  of  coniidenble  aeniea  in  reaeaichaa  into  solar  phjsica. 
It  will  b«  leen  that  the  [dan  ia  onlj  arailable  where  very  strong  light  la 
to  be  analjeed.  But  in  dealing  with  the  Sun  this  oonBidrnCJon  intio 
dncei  no  new  difficulty. 

f  The  double  battery  is  represented  in  about  the  poaition  correapond- 
ing  to  miDimuoi  deristion  for  the  line  a  in  the  indigo ;  and  aa  tJie  half 
priem  can  be  made  to  pau  over  the  slot  at  r,  the  automatic  motion  can 
be  eartied  on  till  the  Tieible  extremi^  of  the  apectnim  towards  th* 
Tiidet  i(  reached.  Of  cooree,  in  examining  the  r«d  ray*-  the  batteriea 
open  out,  and  there  ii  no  limit  (eieapt  the  length  of  the  alots)  to  motion 
in  that  direction,  M  that  the  red  eztremltj  of  the  spectrum  can  be 
ovprpaaaed  if  need  be.  Motion  ia  communicated  to  ttiit  intuandiata 
prism  D  d',  by  which  means  the  range  of  the  automate  action  ia  divided, 
and  greater  truth  of  woAing  secured. 
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Kow,  Bupposing  such  a  portjon  of  the  solar  photo- 
sphere ie  observed  ae  is  shown  in  the  apace  e  «',  fig.  34 
(b  being  the  solar  disc),  the  images  of  this  portion  will 
give  us  the  spectrum  R  v,  showing  the  dark  lines  due 
to  the  absence  of  certain  images  as  explained  above ; 
and  no  other  portion  of  the  diicproducea  any  effect  what' 
ecer.  It  is  very  essential  to  remember  this.  "We  are 
in  fact  analysing  under  such  circumstances  the  part 
f  /  of  the  disc,  and  no  other  part. 

If  a  spot  or  a  facula  he  crossed  by  i  /,  then  the 
Bptictrum  we  get  is  no  longer  that  of  a  aBifonnly,  or 


i 


almost  uniformly,  bright  part  of  the  solar  disc.  Hut' 
(fig.  35)  represent  an  enlaiged  view  of  the  spot  and  the 
space  included  by  the  slit,  then  this  last,  seen  separately) 
will  be  as  a  s' ;  and  the  s])ectnim  will  consist  of  a 
number  of  images  of  B  s'  ranged  side  by  side,  so  as  to 
form  a  strip,  as  B  v  in  fig.  34.  Hence  at  the  top  and 
bottom  of  this  compound  siiectrum  there  will  be  two 
narrow  solar  spectra  corresponding  to  the  parts  s  P  and 
6'  p'  i  next  to  these  will  be  two  narrow  spectra  of  the 
penumbral  parts  p  u  and  p'  v';  and  about  the  middle 
a    narrow    sjiectrum    corresponding    to   the    umbral 
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part  V  v',  all  these  spectra  forming  one  conpoand 
spectrum,  whose  red  end  is  towards  the  left  (assuming 
the  dispersion  to  be  as  in  the  case  illustrated  in  fig.  34) 
and  its  violet  end  towards  the  right.  The  nature  of 
the  pennmbral  and  umbral  spectra  will  be  stated 
further  on.  It  is  hy  comparing  these  spectra  with  the 
adjacent  solar  spectra  that  the  spectroscopist  is  enabled 
to  form  an  opinion  as  to  the  nature  of  the  spots,  and  to 
mahe  inferences  as  to  the  general  physical  constitutton 
of  the  Sun. 

Similar  remarks  apply  to  the  case  where  a  portion 
of  facula,  or  pores,  or  mottlings,  or  any  other  features 
of  the  solar  disc,  fall  within  the  space  <  /.  All  such 
peculiarities  tend  to  produce  peculiarities  in  the  result- 
ing compound  spectrum ;  since  the  image  of  the  por- 
tion t  /  ia  repealed  along  the  whole  length  of  flie 
spectrum  B  V  after  the  fashion  already  described. 

But,  having  considered  these  comparatively  simple 
cases,  let  us  deal  with  the  subject  which  has  of  late 
attracted  so  much  attention — the  visibility  of  the  spec- 
trum of  the  prominences  when  the  Sun  is  not  eclipsed. 
Further  on  the  exact  nature  of  the  prominence  spec- 
trum will  be  considered ;  but  in  this  place  I  note  only 
respecting  it  that  it  consists  of  bright  lines. 

Now,  suppose  that  f  p*  is  a  prominence,  8  s'  the 
edge  of  the  Sun,  and  *  «'  the  space  included  by  the 
slit.  Then  p'  /,  as  in  the  former  cases,  produces  a 
solar  spectrum  (which,  however,  commonly  presents 
certain  peculiarities  when  belonging  to  the  edge  of  the 
Sun's  disc) ;   the  port  p  p'  includes  a  portion  of  the 
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prominence,  and  gives  a  prominence-epectnim  vhich 
we  may  anppose  to  be  represented  hj  the  bright  linea 
at  0  and  F  and  near  D,  But  it  will  alao  ^ve  a  aolar 
spectrum,  for  the  light  of  our  own  illnminated  air  comes 
from  the  space  included  within  the  slit  «  / ;  and  as 
our  air  is  illuminated  by  solar  light,  it  produces  (accord- 
tngto  rule  4,page  128)a  Bolarspectrum.  Alsotheport 
I P  will  give  a  solar  spectrum  dae  to  the  illuminated 
air.  Now,  the  prominence  p  p'  is  absolutely  obliterated 
from  view  by  the  illuminated  air,  which  extends  all 
round  (and  over,  be  it  remembered)  the  place  of  the 
San.   Since,  then,  if  we  looked  at  the  space  <  «'  alone, 


with  whatever  telescopic  power,  and  with  whatever 
contrivances  for  reducing  the  glare  of  light,  the  por- 
tion p  p'  of  the  prcMuinence  F  P'  would  be  wholly  in- 
visible to  OS,  why,  it  may  be  asked,  should  the  lines  c, 
F,  and  the  one  near  D — which  are  in  truth  but  coloured 
images  of  the  part  p  p' — be  visible,  although  the  speo- 
trum  oi  the  illuminated  air  falling  within  m  jf  w.  spread 
over  these  lines  precisely  as  the  illuminated  air  is 
itself  spread  over  the  prominence?  The  answer  ia 
easy.  The  whole  of  the  light  of  the  illuminated  air 
within  the  small  Space  *  ^'  is  spread  over  the  large 
space  shaded  with  cross  lines  in  fig.  36,  and  is  reduced 
in  intrinsic  brightness  in  corresponding  proportion. 
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On  the  other  hand,  the  light  <^  tiie  prominence-mfttter 
within  p  p^  is  npread  only  over  the  three  lines  shown  in 
the  figure  (and  a  few  fainter  ones),  and  is  therefore 
{troportionately  but  Terj  IKtle  reduced.  Hence  if  we 
only  have  enough  dispersive  power,  we  can  make  sure 
<^  rendering  the  promiuence-lines  visible,  for  we  get 
the  same  luminosity  for  them  whatever  the  length  of 
the  spectrum,  die  only  effect  of  an  increase  of  length 
being  to  throw  the  bright  lines  farther  apart;  whereas 
the  atmospheric  spectrum  which  fonns  the  background 


^ 


% 


will  obviously  he  so  much  the  fainter  as  we  spread  its 
light  over  a  longer  ranges 

By  this  plan  we  get  a  certain  number  of  images  of  a 
portion  of  a  prominence — a  mere  strip  so  to  speak ;  and 
we  can  get  any  number  of  such  portions,  and  in  any 
direction  as  compared  with  the  Sun's  limb.  For  ex- 
ample, if  8  8'  ^fig.  37)  be  the  Sun's  limb,  p  p'  a  promi- 
nence, we  can  get  from  such  a  strip  as  <  ^  the  spec- 
trum s  V.  And  obviously  since  the  length  of  the  bright 
lines  tell  us  the  length  of  the  part  p  p'  in  figs.  36  and 
37,  we  can,  by  combining  a  number  of  such  parallel 
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Btnps  aa  d  s',  learn  what  is  the  true  ahape  of  the  pro- 
nunence  P  p'. 

Bat  the  phm  can  be  applied  to  show  the  whole  of  a 
pTominence.  For  let  iu  suppaae  that  in  place  of  a 
narrow  Btripaa  1  /,  in  figs.  36  and  37,  we  have  aspaoe 
Huch  aa  is  shown  in  fig.  38,  throvgh  which,  but  for  the 
intense  brightness  of  the  illuminated  lur,  the  prominence 
p  p'  wotUd  be  Tiaible.  Then  the  part  8  s'  of  the  Siin 
will  produce  a  solar  Bpeetrum — altogether  impure,  of 
course,  on  account  of  the  great  width  of  8  s',  and 
brighter  than  the  solar  spectrum  produced  by  /  />'  in 
the  case  illustrated  b;  fig.  36  in  precisely  the  propor- 
tion that  3  s*  in  fig.  38  is  greater  than  ^  p'  'm  fig.  36. 


■yjB;:.: 


All  the  remunder  of  the  space,  including  the  promi- 
nence P  p',  will  give  an  impure  solar  spectrum  due  to 
the  illuminated  air,  and  very  mach  brighter  than  in 
the  caseB  illustrated  in  figs.  36  and  37,  bccauBe  bo  much 
more  of  this  light  is  admitted  through  the  open  slit. 
Three  coloured  images  will  be  formed  of  the  promi- 
nences (other  fainter  ones  need  not  be  considered), 
one  red  at  c,  one  orange  near  d,  the  other  greenish- 
bine  near  F.  These  images  will  be  as  bright  (neglects 
ing  variaUons  in  the  intrinsic  brilliancy  of  the  promi- 
nence) as  the  corresponding  lines  in  the  cases  illus- 
trated by  figs.  36  and  37  ;  but  they  wiU  of  course  not 
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be  so  well  eeen,  since  the  baolcgronnd,  as  I  b&ve  eaid, 
will  be  veiy  mucli  brighter  than  in  those  cases.  They 
can  be  made  as  conspicuous  only  by  an  increase  of 
dispersive  po'wer ;  hence  the  importance  of  conatnict- 
ing  prismatic  batteries  of  great  dispersive  power. 

In  connection  with  this  portion  of  my  subject  it 
is  necessary  to  remark  that  the  bright  lines  seen 
in  the  prominence-spectrum  are  not  uniformly  wide 
throughout,  but  commonly  are  wider  close  to  the 
Sun's  limb.  This  circumstance  will  be  referred  to 
more  at  length  further  on ;  but  it  is  proper  to  state  in 
this  place,  that  this  increase  of  width  is  held  to  in- 
dicate an  increase  of  pressure,  because  the  researches 
of  Flucker,  Hittotf,  Huggins,  and  Frankland  have 
shown  that  the  spectral  lines  of.  hydn^en  grow  wider 
as  the  pressure  at  which  the  gas  exists  is  increased. 

And  now,  lastly,  it  remains  that  I  should  ezplun 
what  has  been  justly  regarded  as  the  most  wonderful  of 
all  applications  of  the  powers  of  spectroscopic  analysis 
— themeasurementof  the  velocity  of  recess  or  approach 
of  stars,  or  other  self-luminous  objects  moving  with  very 
great  rapidity. 

Keverting  to  fig.  21,  the  reader  will  see  that  the 
violet  rays  are  most  affected  by  their  passage  through 
the  prism,  the  red  rays  least.  Now,  it  has  been  demon- 
strated by  the  careful  mathematical  analysis  *  of  the 

*  I  refer  here  to  the  iDVeatigations  of  Canch;,  and  Bad«n  Powell,  and 
otliera  (see  EpeeiaUy  CancbT'B  IShnoiTt  mr  la  DuperMon),  not,  of  course, 
(o  the  proof  that  when  the  difierenccH  of  relocitj  are  ftdmiUed,  differencca 
of  re&aDgibih^  are  accounted  for.  The  latter  may  be  regarded  in  fact 
aa  Belf-GTideiit, 
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motiona  of  light-wares  that  this  difference  of  refrangi- 
bility  is  due  to  the  different  velocitieB  with  which  the 
longer  light-waves  fonning  red  light,  and  the  shorter 
light-waves  forming  violet  light,  travel  (respectively) 
through  material  media.*  The  shorter  waves  travel 
more  slowly  than  the  long  ones,  and  the  difference  is 
the  greater  according  to  the  density  (or  approach  to 
opacity)  of  the  medium.  So  that,  in  fine,  the  part  of 
the  spectrum  formed  by  light  of  any  order  depends  on 
the  wave-length  of  that  light;  and  if  under  any  cir- 
cumstances the  wave-length  could  be  altered,  then  the 
light  of  that  order  would  no  longer  occupy  the  same 
portion  of  the  spectrum,  but  would  pass  nearer  to  the 
violet  end  if  the  waves  were  shortened,  and  nearer  to 
the  red  end  if  they  were  lengthened. 

Now,  so  far  as  we  know,  it  never  happens  that  light- 
waves of  a  certain  length  are  really  modified.  Pre- 
cisely as  waves  of  a  certaiu  breadth  propagated  along 
a  canal  are  not  found  to  change  their  breadth  as  they 
proceed,  or,  again,  precisely  as  a  sound  of  a  certain  tone 
does  not  change  in  tone  as  it  travels  onwards,  so  light- 
waves of  a  certaiu  length  or  order  do  not  as  they  travel 
through  ether,  or  through  material  media,  become 
changed  into  light-waves  of  some  other  order.f 

*  In  the  atiin  of  ipace  they  tnTeL  of  couns  irith  ippT^ciftblj  equal 
TelocitJM ;  otherwise  the  oatelJitsB  of  Jopitar,  after  emerging  tnaa 
eclipw,  would  ghow  the  njne  ch&ngtfi  of  colooi  that  we  see  in  a  naUl 
haated  from  a  red  to  a  white  heat. 

t  I  hare  sometimea  been  inclined  to  snBpect,  howerer,  that  under 
eeitaiu  ciicamBtancei  of  enesBire  agitation  within  the  substance  of  the 
soorM  of  light,  the  wave-length  might  be  altered,  pieciselj  aa  warea 
traT«Utiig  along  a  canal  might  be  modified  in  length  by  the  action  of 
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But  there  is  a  circumBtance  -which  may  cause  the 
lightr-waves  to  appear  to  change  in  length.  Supposing 
the  source  of  light  is  approaching  or  receding  at  a  very 
rapid  rate — at  a  rate  which  bears  an  appreciable  propor- 
tion to  that  of  light — then  the  length  of  the  light-waves 
must  needs  appear  modified — shortened  when  the  source 
of  light  is  approaching,  lengthened  when  it  is  recsding. 
The  same  will  also  bold  if  the  observer  be  carried  very 
rapidly  towards  or  from  the  source  of  light  To  see 
that  this  is  so,  it  is  *  only  necessary  to  consider  that 
more  light- waves  must  necessarily  reach  the  observer 
in  a  given  time  when  the  source  of  light  is  approach- 
ing, than  when  it  is  at  rest  (with  respect  to  him),  and 
fewer  when  it  is  receding.  They  must  then  in  one 
case  succeed  each  other  more  rapidly,  and  so  seem  to 
be  separated  by  shorter  intervals,  while  in  the  other 
they  must  succeed  each  other  more  slowly,  and  so  seem 
to  be  separated  by  longer  intervals.* 

ths  onm  which  gave  them  bitih.  Whan  we  know  that  the  c  line  of  the 
prominences  has  been  obseired  to  be  tranqail,  while  the  f  line  has 
been  broken,  the  idea  is  certninly  auggeited  that  those  molecnlar  mo- 
tioni  within  the  snbiitani^e  of  the  hydrogea  of  the  prominenees^  which 
prodace  that  pait  of  the  light  corresponding  to  the  f  line,  may  bj 
Bome  violent  action  be  ao  far  modified  that  the  obseired  disturbance  of 
the  ware-leagth  coireiponding  to  that  partiralar  line  ma;  be  brongbt 
about.  It  seems  difficult  to  understand  how,  under  any  other  circum- 
stances, one  line  of  the  hydrogen  should  he  undistorted,  while  the  other 
is,  to  use  Professor  Young's  description,  '  abeolutely  shattered.' 

■  The  principle  on  which  this  brief  but  sufficient  explsnatioQ  dependH 
admits  of  seTeral  illnBtratioEa.  I  do  not  know  of  any  which  mors 
clearly  eihitjita  the  trae  nature  of  the  principle  than  one  which  I  em- 
ployed in  the  first  matter  I  ever  wrote  for  publicaWon,  a  paper  on  '  The 
Colours  of  (he  Doublp  Stars,'  which  appeared  in  the  Com^ill  for  De- 
cember, IB63.  I  quote  the  portion  referred  to: — 'Let  the  reader  imagjiiie 
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Now,  Doppler,  who  first  called  attention  to  this  cir- 
cumstaoce,  supposed  that  an  alteration  of  colour  would 

himself  on  the  bank  of  a  ean&l,  obeerring  a  Berieti  of  *aTet  aniformly 
propagated  along  the  Btrcam.  ...  A  very  aimple  method  vill  inffiM 
to  determine  the  breadth  of  the  wsTes  irilh  anj  raqnlred  degree  of 
aecnrttCf .  Let  the  obseirei',  fixing  his  eye  on  «  certain  vave,  walk  any 
meaanred  distance  (saj  lOD  yaida)  at  the  same  rate  as  the  vars  is  mor- 
iog.  SD[^Kwe  he  accomplislira  this  diitaoce  in  6&  seconda.  He  knowi 
then  that  the  Telocity  of  trausmiBsioQ  of  the  ware*  is  100  yards  in  GS 
Becands.  Let  him  now,  standing  still  for  6S  seconds,  count  the  namber  of 
crests  that  poM  him  in  that  time.  Sappose  360  paas  him.  Then,  from 
bis  first  obeerrotion,  he  knows  that  the  flist  which  passed  him  baa 
tnvelled  100  jaids  irom  him.  Within  that  distance  all  the  360 
WKTe«  are  uniformSj  disteibntad.  Thns  the  breadth  of  each  is  l-3B0th 
put  of  100  yards,  or  tea  inches.  This  result  is  perfectly  relialils  if^ 
during  his  second  observation,  his  position  on  the  bank  has  been  un- 
changed. Bot  let  us  imagine  that  bs  has  made  this  obaerration  from  a 
track — on  roils  by  the  canal's  edge — and  that,  nnaoticed  by  him,  ibe 
tmek  has  glided  naiformly  along  the  taila  First,  suppose  that  this 
moUoa  has  taken  place  in  a  direiSion  contrary  to  that  of  the  waTes, 
and  that  while  he  is  counting  the  passing  crests  the  truck  glides  a  dis- 
tance of  20  yards.  It  is  evident  that  when  the  last  ware  passes  him,  the 
first  is  120  yards,  insleod  of  100,  &om  him.  Thus  the  360  Waves  are  dis- 
tributed over  120  yards,  and  the  true  breadth  of  each  is  l-3S0th  part  of 
120  yards,  or  12  inches.  If,  on  the  Qtherhand,the  truck  had  moved  OTer 
20  yards  in  the  same  direction  as  the  waTos,  it  is  equally  obvious  that 
the  360  waves  would  be  distributed  over  only  80  jardi,  and  the  breadth 
of  each  would  be  only  8  inches.  Similarly,  at  whatever  rate  the  txuck 
moves,  it  is  evident  that  the  observer  can  no  longer  depend  on  the 
reanlt  of  his  observations.  If  it  moves  in  a  direction  opposite  to  that  in 
which  the  waves  travel,  they  appear  narrower  ;  if  it  travel  with  them 
they  appear  broader  than  they  reully  are.  Indeed,  it  is  not  difficult  to 
ctKiceive  the  tmck  to  move  in  the  same  dinwtioQ  and  at  the  same  rate 
as  the  waves  travel,  in  which  case  (if  we  couid  suppose  the  observer  to 
remain  unconsciona  of  that  motion)  all  undulation  would  appear  to  him 
to  have  ceased,  and  the  water  to  have  a  waved  bot  unmoving  surface.' 

This  account  iUustraC«s  in  a  very  direct  (and  I  think  effective)  man- 
ner the  effect  of  the  approach  or  recess  of  a  source  of  light.  We  see 
that  the  effect  depends  on  the  ratio  which  tlie  velocity  of  approach  or  re- 
cess bears  to  the  velocity  with  which  the  waves  traveL  It  will  be  seen 
at  once  that  equal  Telodlje*  of  approach  and  recess  prodnce  equal  but  not 
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result;  and  this  would,  in  fact,  be  the  case  (though  the 
alteratioD  would  under  any  conceivable  conditions,  be 
wbolly  inappreciable)  if  the  source  of  light  emitted 
raya  of  a  certain  order  only.  But  in  the  case  of 
such  a  source  of  light  as  a  star —  or  the  Sun — no  change 
of  colour  could  be  produced,  because  though — to 
take  the  case  of  approach — the  red  light  would  be 
shifted  towards  the  orange,  while  a  portion  of  the 
violet  would  disappear,  yet  heat  rays  from  beyond  the 
red  end  would  become  visible  as  red  rays  through  being 
shortened,  and  so  the  spectrum  would  be  complete  as 
before.  A  similar  result  would  follow  in  the  case  of 
recession. 

But  the  presence  of  dark  lines  in  a  spectrum  gives 
the  observer  a  far  more  effective  means  than  mere 
change  of  colour  would  supply  of  determining  the 
approach  or  recession  of  a  source  of  light.     If  some 

eorreaponding  effects.  For,  b;  th«  lupposed  velocity  of  20  juds  b 
85  seconds,  the  length  of  the  waTBS  is  bcrewed  or  diminUhed  by  two 
inches,  but  the  increase  is  onlj  in  the  ratio  of  B  to  fi,  while  the  de- 
creusa  is  in  (he  greater  ratio  of  6  to  4.  CorreepoDding  to  this,  we  have 
the  fact  that  the  approach  of  a  atar  at  a  giren  rate  froduces  a  greater 
lelstiTa  effoct  on  waTe-lengths  of  any  order  than  the  recoM  <tf  the  star 
at  the  Bame  rate  would  produce. 

Of  coursB,  in  the  interesting  case  of  Btellnr  approach  or  receBS,  the 
problem  is  somewhat  complicatsd  by  the  Earth's  OWD  motioD,  whioh 
does  not  take  place  in  the  direction  of  the  star,  nor  neeeuanly  in  the 
same  plane.  The  Buccessfal  measurement  of  the  Telocity  with  wbi^ 
Sirios  is  receding  fhim  ns  is  b  problem  of  such  interest  that  1  may  be 
permitted  to  note  a  Tery  small  contribution  of  mine  to  the  work,  in 
the  determioation  of  the  formula  for  eliminating  the  effects  of  the 
Earth's  motion  (if)  viz.— Earth's  motion  towards  Btar  =  [icoa  \  sin(/-0 
where  /  and  I  are  the  respectiTe  longitudes  of  the  star  and  th«  Earth, 
and  A.  is  the  star's  latitude.  The  contrihntioD  has  no  particular  ralue, 
but,  such  M  it  is,  it  chanced  that  I  made  it. 
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recognised  dark  line  in  tlie  Bpectmm  of  a  star — say,  for 
instance,  the  p  Ibe — is  found  not  to  agree  exactly  in 
position  wilh  the  correapouding  line  in  the  Bpectrum  of 
a  fixed  soutce  of  light — as  a  hydrogen  flame,  for  instance 
— then  the  diflerence  of  position  must  be  ascribed  to  a 
motion  of  recess  or  approach  on  the  part  of  the  star, 
and  the  rate  of  such  motion  may  be  determined  by 
noticing  the  amount  by  which  the  line  is  displaced. 

Now,  this  method  admits  of  being  applied  under 
exceptionally  favourable  conditions  to  the  examination 
of  solar  cyclonic  motions — if  only  these  motions  are 
sufficiently  rapid  to  fall  within  the  province  of  this 


A 


special  mode  of  research.  For  we  have  in  tlie  lines 
appertaining  to  parts  of  the  Sun  which  are  rela- 
tively at  rest  the  means  of  determining  very  surely, 
and  measuring  somewhat  exactly,  the  displacement 
due  to  such  motions  as  we  are  considering. 

Let  us  take  as  an  Instance  tiie  case  represented  in 
fig.  39.  Here  j  s',  as  before,  represents  the  portion 
of  the  prominence  P  v"  which  is  under  examination. 
Only  a  small  part  of  the  spectrum  is  shown,  that 
namely,  near  the  F  line ;  and  the  bright  line  of  thi, 
prominence  which  under  normal  conditions  coincides 
with  the  dark  line  F  of  the  solar  spectrum  ia  seen  to 
be  displaced  towards  the  violet.    It  thus  appears  that 
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owiog  to  a  motion  of  approach  affecting  the  portion  of 
the  pronunence  included  within  the  narrow  space  $  d, 
the  light-waTes  producing  the  F  line  eeem  shortened. 
The  general  fact  of  a  motion  of  approach  is  thus  ascer- 
tained. But  the  rate  of  approach  can  also  be  measured ; 
for  we  know  tlie  length  of  the  light-waves  correspond- 
ing to  the  line  F,  Van  der  Willingeu  and  Angstrom 
having  independently  determined  the  ware-length 
corresponding  to  the  principal  lines  in  the  solar  spec- 
trum. So  that  if  we  measured  in  any  way  the  dis- 
tance of  the  bright  F  line  of  the  prominence  from  tlie 
dark  F  line  of  the  solar  spectrum,  we  should  be  able  to 
calculate  the  amount  of  tlie  apparent  change.  A 
better  plan,  however,  is  available.  For  the  bright 
solar  spectrum  (fig.  .S9),  as  also  the  atmospheric  spec- 
trum above,  is  crrased  by  other  dark  lines  besides  the 
F  line,  and  these  enable  us  to  see  at  once  bow  far 
the  bright  line  has  shifted.  Suppose  /,  for  example,  to 
be  another  dark  line  of  the  solar  spectrum,  and  that 
the  bright  prominence-line  has  moved  half-way  from 
its  proper  place  towards  I,  then  we  know  that  its  wave- 
length IB  changed  to  a  value  midway  between  the 
wave-length  corresponding  to  the  lines  f  and  /.*  The 
change  of  value  thus  indicated  gives  us  at  once  the 

*  This  Ul  trae  for  nich  Bmall  dispUcementB  u  ue  liere  conaidned. 
For  greater  diflerencea  of  refmngibilitj,  do  snch  aimplc  proporlioDs 
eiiH,  p&nlj  becaiue  the  actual  change  of  waTe-length  (for  gircn 
differeucu  of  nfrvigibiUt;)  diminiBhra  towards  the  violet  end,  and 
partly  on  acconnt  of  the  irratloDalitf  of  diapenion  for  all  knon 
media,  when  the  apeetra  they  giTft  ia  compared  with  «hat  Xngitrom 
hu  tallttd  the  w/rmci  solar  epeetnim. 
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rate  of  tbe  motion  of  approach  which  affects  the  portioii 
of  the  proimiieDoe-inatt«T  correspondiDg  to  the  space 
»  x" — becanse,  though  the  wave-leagth  coirespoDdii^ 
to  the  Une  /  will  not  he  indicated  in  the  tables  of 
AngBtrom  or  of  Van  der  WilUngen  (which  only  include 
the  principal  lines)  yet  it  is  readily  determinable,  and 
indeed  may  be  regarded  as  a  known  quantity.  And, 
in  a  sirailar  iray,  if  the  line  ie  shifted  towards  the  red 
end,  the  velocity  of  recession  of  the  promineuce^matter 
can  readily  be  determined. 

But  as  a  general  rule  the  whole  line  would  not  be 
shifted  bodily  as  in  fig.  39 ;  since  indeed  this  would 
imply  that  the  kJioU  of  that  portion  of  the  prominence 
which  is  seen  within  the  space  s  /  was  travellii^  bodily 
towards  the  observer;  whereas  obviously  such  a 
motion  could  very  seldom  be  expected  to  occur.  Ordi- 
narily, then,  we  may  expect  to  find  a  configuration  of 
tbe  bright  hne  indicating  yarieties  of  motion,  Tbe 
same  holds  also  in  tbe  case  of  portions  of  the  solar 
photosphere,  or  spots,  lying  near  the  edge  of  the  Sun's 
disc  (so  that  or(£nary  cyclonic  motions  within  them 
may  be  capable  of  being  recognised  by  the  method  we 
are  coneidering),  or  in  the  case  of  more  central  portions 
of  the  Sun's   disc  where   ascending  and  descending 

*  The  gcnanl  mlei  on  which  the  cslcilation  |n>eeedB  mre  snffldentlj 
simple.  Sll|fK)«e  (he  nTD-length  cornapondii^  to  tke  line  I  to  be 
4S6'8B  miUtonthi  of  a  inilliii>«t«r,  that  coneapMidiiig  to  the  line  r 
being  4B6'39  BQch  millionChii.  Then,  since  the  promiiMnee  v-line 
Bppeaim  half-nj  betveeD  r  and  {,  the  iraTe-lmgth  hai  been  nduced 
to  4M'I6  inillioDtlu  of  a  miUim^Eer,  or  dinuDiehed  b;  0'3  such  mil- 
Ijontha.  E«ne«  the  relocitj  of  appniaeh  of  the  promineace  natter  is 
j^ths  of  the  Tehteitj  of  light,  or  some  80  mOee  pw  second. 
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motioDB  ore  takiog  place,  resultiog  in  motions  of  recess 
<a  approacli  with  reference  to  the  terrestrial  observer. 
In  all  such  cases  we  may  expect  to  find  peculiarities 
in  the  affected  lines,  corresponding  to  varieties  in  the 
motion  or  rates  of  motion  of  the  parts  examined. 

I  give  a  few  examples,  illustrating  the  way  in  which 
such  peculiarities  are  to  be  interpreted.  I  consider, 
for  convenience,  motions  taking  place  in  that  coloured 
envelope  (whence  the  solar  prominences  seem  to  spring) 
which  has  been  called  the  chromosphere : — 

Suppose  ss'  to  represent  the  portion  of  the  Sun  and 
chromosphere  under  examination,  s  s'  being  the  SunV 


W     W     W    W 


limb,  c  cf  the  (invisible)  outline  of  the  chromosphere. 
Now,  if  the  f  line  appeared  as  in  i.,  we  should  conclude 
that  the  hydrt^en  in  the  part  of  the  chromosphere  under 
exunination  was  quiescent  near  the  Sun's  surface,  aa 
far  as  motions  of  approach  or  recess  are  concerned 
(though  it  might  be  moving  very  rapidly  in  s  direction 
square  to  the  line  of  sight),  but  that  at  some  distance 
from  the  Sun's  surface  it  was  moving  very  rapidly 
towardB  the  eye,  the  rate  of  motion  increasing  with  the 
vertical  height  above  the  Sun.  If,  on  the  other  hand> 
the  spectrum  appeared  as  at  ii.  (fig.  40),  we  should 
come  to  a  similar  conclusion,  substituting  only  a  motion 
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of  recession  for  one  of  approach.  If  the  spectrum 
appeared  as  at  iil.  we  should  conclude  that  to  a  certain 
level  above  the  Sun's  limb  there  was  a  gradually 
increasing  motion  of  approach,  but  that  at  and  above 
that  level  there  was  a  motion  of  recession  tolerably 
uniform  in  rate  to  a  considerable  height.  The  case 
would  resemble  those  instances  in  onr  own  atmosphere 
where  an  upper  air  cnrreut  blows  in  a  different 
direction  than  the  air  nearer  the  searlevel.  If,  lastly, 
the  spectrum  appeared  as  at  iv.,  we  should  conclude 
that  to  a  considerable  height  above  the  Sun's  surface 
there  was  no  motion  of  recess  or  approach ;  but  that 
izk  higher  regions  of  the  chromosphere  there  were  masses 
(within  the  long  range  of  chromospheric  matter  really 
included  in  the  direction  of  the  visual  line)  moving  both 
&om  and  towards  the  eye  at  an  enormously  rapid  rate. 
The  greater  or  less  width  of  different  parts  of  the 
blight  line  would  indicate  the  greater  or  less  pressure 
at  which  the  hydrogen  existed  at  the  corresponding 
levels  during  the  time  of  observation.  Hence,  a  bulb 
on  any  part  of  the  bright  line  would  indicate  a  corre- 
sponding layer  of  relatively  compressed  hydrogen,  while 
a  marked  narrowing  would  indicate  a  layer  of  hydrogen 
existing  for  the  time  at  relatively  low  pressure. 

Similar  considerations  apply  to  the  spectroscopic 
analysis  of  solar  spots,  or  of  faculous  regions  of  the 
Sun's  surface,  or  generally  of  any  regions  where  dis- 
turbances may  produce  solar  atmospheric  curreuts  of 
approach  or  recess.  Combining  the  observed  shifting 
of  portions  of  a  spectral  line  with  its  observed  thickness 
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and  also  with  its  relative  brighttieBB  or  darkness  (as 
indicative  of  greater  or  lees  tismperature),  we  have  a 
means  of  studying  thoae  conditions  of  motion,  pressure, 
and  temi>erature,  respecting  which  the  telescope  alone 
can  give  us  no  information  whatever. 

It  is  wonderful,  indeed,  to  consider  that  that  analysis 
of  the  dark  lines  of  the  solar  spectrum  which  seemed 
half  a  century-  ago  so  unmeaning,  those  speculations 
of  Doppler  which  but  a  quarter  of  a  century  ago  were 
rejected  by  many  as  wholly  fanciful,  and  those  inquiries 
as  to  the  almost  evanescent  wave-lengths  of  light  which 
from  the  days  of  Newton  downwards  had  been  ridi- 
culed as  a  complete  waste  of  time  and  thought,  should 
have  resulted,  under  the  labours  of  Bunsen  and  Kirch- 
hoff,  of  Plucker,  Huggins,  and  Franklaud,  and,  finally, 
of  Angstrom  and  Van  der  Willingen,  in  a  means  of 
dealing  with  probleme  so  recondite  and  seemingly  bo 
hopelesB.  By  an  observation  not  occupying  manj 
seconds  any  dear-sighted  observer,  armed  by  our 
opticians  with  adequate  spectroscopic  power,  can 
measure  the  swiftness  of  the  solar  windstorm,  can  gauge 
the  pressure  of  the  solar  atmosphere,  and  can  estimate 
the  relative  temperature  of  spot  and  facule,  of  photo- 
sphere and  chromosphere,  and,  lastly,  of  the  higher 
regions  to  which  eruptions  cast  those  masses  of  glowing 
vapour  which  form  the  solar  prominences. 
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STUDY  OF  THE  SUITS  SVBFACE. 

We  may  regard  the  discovery  of  the  apote  on  the  Sun 
as  the  commeacement  of  that  loDg  series  of  telescopic 
researches  to  which  we  owe  our  present  knowledge  of 
the  solar  orb.  It  is  highly  probable,  indeed,  that  spots 
on  the  Sun  had  been  seen  and  even  watched  for  long 
intervals,  when  as  yet  astronomers  were  not  aided  by 
the  powers  of  the  telescope.  But  there  is  no  reason  to 
believe  that  the  nature  of  the  spots  so  seen,  or  even  the 
fact  that  they  are  true  solar  phenomena,  had  ever  been 
suspected  by  astronomers.*      Whatever   opinion   wc 

*  Eppler  supposed  that  in  lines  441  and  454  of  Vitgil'a  flrat  Gtorgxe, 
the  Bolu  »poM  were  refeired  to.  For  '  if  any  one,'  he  reoBons,  '  should 
Tefose  to   see  anjthing  else  thAH  an  sUnaioD  to  out  clooda  in  the 

'  nie  ubi  nascentem  maculis  Tariaverit  ortian,' 
I  shall  oppose  to  the  interpretation  this  other  Tene : 

'  Sin  macnlie  incipient  mtilo  immisceiier  igni.' 
Bat  the  latter  rrase  is  quite  as  applicable  to  donds  as  the  fbrmer.  As 
ngaids  the  occasional  recognition  of  apote  bj  the  sacJeDts,  however, 
there  seems  lees  room  for  doubt.  We  learn  from  Father  MaiUa  that 
the  Chinese  recorded  the  appeacHUce  of  spnt«  on  the  Sun  ia  the  jear 
321  I.D.,  and  Acoata  tells  us  that  the  natiTos  of  Fern  told  the  Spanish 
iUTBders  that  the  Sun's  &ce  hod  in  former  times  been  marked  with 
■pots.    In  the  year  307.  a  large  spot  mu  seen  on  the  Son  for  eight 
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ma,j  form  of  aocietit  records  of  eolar  obscurationB,  we 
must  turn  to  the  telescopic  discoverj^  of  the  spots  for 
the  real  commencement  of  astrODomical  researches  into 
the  Sun's  physical  condition.  * 

I  do  not  propose  to  enter  here  into  the  discussion 
which  has  been  rused  respecting  the  astronomer  to 
whom  the  credit  of  haTing  first  seen  the  solar  spots 
is  to  be  assigued.  This  discussion  has  been  pursued 
by  grave  authoritdes  with  an  earnestness  which  would 
really  seem  to  imply  that  they  have  regarded  the 
matter  as  of  serious  importance.  Let  us  simply  rec(^- 
nise  the  fact  that  the  credit  of  the  discovery  is  not 
worth  contending  about,*  and  proceed  to  consider 

aiU!e««BiTe  Ab.js,  and  was  sappostid  bj  those  vho  vere  litila  familisi 
vith  the  lawB  of  planetary  motion  to  be  the  planet  Mercury.  Anigo  is 
of  opinion,  alio,  that  the  traoaite  of  Meicorj  said  to  hare  been  vit* 
nessed  by  Averrboes,  Scsliger,  and  Kppler  himself  (May  28.  1607]  were 
only  ohBprvBitionB  of  Snn  spotB.  It  is  worthy  of  notice  that  the 
ancients  could  very  veil  have  obsErred  Sun  spots,  and  have  even  traced 
the  progreaa  of  tbeee  spo)«  acroea  the  solar  dim,  had  they  employed  tha 
method  vhich  GaaseniuH  adopted  id  obberrin^^  the  transit  of  Mercory 
in  1631.  He  admitted  the  Snn's  rays  into  a  dnikened  cbambec  through 
a  amall  aperture  in  a  abutter,  and  thus  obtained  au  inTert«d  image  of 
the  Sun,  on  which,  when  the  transit  had  begun,  he  Could  perceive  the 
disc  of  Mercniy.  Although  no  spots  are  ever  seen  vhieh,  even  in  tho 
nucleus,  are  so  dark  as  Metcary,  yet  many  (or  rather  all  the  noteworthy 
spots)  present  a  much  more  conspicuous  appearance  than  Mercury  ia 
transit  Fabricins,  indeed,  as  ■tn  sball  present];  ses,  did  sctoailj 
apply  this  method. 

•  It  has  been  JQBtly  remarked  by  an  eminent  astronomer  of  onr  own 
time,  that  tbe  discoTery  of  the  spots  was  a  neceBBary  sequel  of  the 
inrention  of  the  telescope ;  and  whether  Galileo,  or  tabricias,  on 
Schsiner,  or  Harriot,  first  set  eyes  on  theae  objects,  is  a  matter  which 
can  in  no  way  increase  tbe  reputation  of  any  one  of  these  aationoniers. 
To  discuss  the  question  of  priority  seems  therefore  to  be  simply  a  waste 
of  time. 
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what  the  first  observerB  actually  saw  —  a  matter  of 
more  moment. 

From  a  work  by  Fabricius,"  we  learn  that  in  the 
commencement  of  the  year  1611,  %vlule  observing  the 
Sun  jost  after  aunriae  with  a  teleacope  of  inconsider- 
able power,  he  noticed  a  black  apot  upon  its  disc  which 
he  supposed  to  be  a  terrestrial  cloud.  He  found, 
however,  that  the  object,  whatever  it  was,  belonged  to 
the  Sun.  As  the  Sun  rose  he  had  to  discontinue  his 
observations,  for  he  possessed  no  means  of  mitigating 
the  brilliancy  of  the  Sun's  light.  '  My  father  and  I,' 
he  says,  '  passed  the  rest  of  the  day  and  the  whole 
night  in  great  impatience,  trying  to  think  what  this 
Bpot  might  be.  "  If  it  is  in  the  Sun,"  I  said,  "  we 
shall  no  doubt  see  it  again ;  if  it  is  not,  its  motion 
will  have  carried  it  away  from  the  Sun's  disc,  and  so 
we  shall  be  unable  to  see  it."  On  the  next  morning, 
however,  to  my  delight,  I  saw  the  spot  again.  But  it 
was  not  in  the  same  place — a  peculiarity  which  in- 
creased our  perplexity.  We  determined  to  obtain  an 
image  of  the  Sun  on  a  sheet  of  paper  by  permitting 
his  rays  to  pass  through  a  small  hole  in  a  darkened 
chamber,  and  in  this  way  we  saw  the  spot  quite  clearly 
in  the  form  of  an  elongated  cloud.  For  three  days  we 
were  prevented  by  bad  weather  from  contaouing  our 
observations;  but  at  the  end  of  that  period  we  again 
saw  the  spot,  which  had  crossed  obliquely  towards  the 
western  side  of  the  Sun's  disc     Another  smaller  one 

*  EntitJed  De  MactUit  in  Bolt  obttrvatu,  &c.,  and  published  at 
VittembeigiDlSll. 
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had  made  its  appearance  near  the  dastem  edge,  and  in 
a  few  daya  this  second  spot  reached  the  middle  of  the 
disc.  Lastly,  a  third  spot  appeared.  The  three  spots 
Tanished  in  the  order  of  their  appearance.  I  was 
hopeful  that  they  would  be  seen  again,  but  yet  per- 
plexed by  doubts  and  fears ;  however,  ten  days  aftei^ 
wards  the  first  re-appeared  on  the  eastern  side  of  the 
disc.  I  knew  then  that  it  had  revolved  completely 
round  (the  Sun),  and  since  then  I  have  convinced  my- 
self that  this  ia  really  the  case.'  Fabricius  studied 
the  import  of  his  observations,  and  came  to  the  conclu- 
sion that  the  spots  are  probably  upon  the  body  of 
the  Sun  itself.  '  We  invite  the  students  of  science,' 
he  says,  '  to  profit  by  our  description ;  they  will 
doubtless  conclude  that  the  Sun  has  a  motion  of  rota- 
tion, as  Jordanua  Bruno  has  asserted,  and,  more  lately, 
Kepler.  Indeed,  I  do  not  know  what  we  could  make 
of  these  spots  on  any  other  suppoaitioo.' 

Galileo,  at  Florence,  and  Father  Scheiner,  a  German 
Jesuit,  besides  independently  discovering  the  spots, 
investigated  the  laws  which  r^ulate  the  motion  of 
these  objects.  Scheiner  was  at  first  disposed  to  regard 
the  spots  as  due  to  the  existence  of  planets  travelling 
round  the  Sun  close  to  its  surface,  and  indeed  for 
a  while  these  imi^ned  planets  were  admitted  as  true 
members  of  the  solar  family  under  the  title  of  the 
fiorbonian  stars.*     But   Galileo  having  pointed   out 

•  They  are  referrtd  to  under  tbii  name  id  BnrtoD's  Anatomy  qf 
Jtfyatjcidy  (a  very  Bhort  time  after  their  dUcorery),  in  Ui»t 
■iDgularly  iDteceBting  chapter  vMch   he  entitlw,  qowntlj  tnongh,  a 
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that  the  motione  of  the  spots  do  not  correspond  to  this 
hypothesis,  but  point  clearly  to  the  concluBion  that  the 
Sun  rotates  on  his  axis  in  about  a  month,  Scheiner 
reexamined  his  hypothesis,  and  presently  admitted 
that  Galileo  was  in  the  right  He  then  made  a  long 
and  elaborate  series  of  observations  in  order  to  deter- 

Diffnttum  of  Ayr*.  The  following  powoge  from  this  chapter  \a  suf- 
flcisntlj  apropot,  and  will,  T  doabt  not,  iatareBt  the  curioos  readar  : — 

'  Id  the  meantime,  the  world  is  tossed  in  a  UtlDket  amongst  tbem  ; 
the;  hoyse  the  earth  up  and  down  like  a  ball,  make  it  stand  and  go«  at 
their  pleasures.  One  sailh  the  son  Btaods;  another,  he  moTes;  a 
third  comes  in,  taking  them  all  at  rebonnd ;  and,  lest  there  should  any 
paradox  be  wanting,  he  findes  certain  spots  and  dondes  in  the  eun,  by 
the  help  of  glasses,  whicli  moltiply  (saith  Keptenut]  a  thing  seen  a 
ibonsand  times  bigger  in  piano,  and  make  it  come  32  times  neeier  to 
the  eye  of  tha  beholder :  but  see  the  demonstration  of  this  glass  in 
ttxAt,  by  means  of  which,  the  ann  mnst  tuni  round  upon  his  own 
center,  or  they  about  tha  eioi.  Fahritius  puta  onel;  three,  and  those  io 
the  sun :  Apelles,  Ifi,  and  those  without  the  sua.  Boating  like  the 
Cyanean  isles  in  the  Eazine  sea.  Taide  tha  Frenchman  hath  obserred 
33,  and  those  neither  spots  nor  clouds,  aa  Galilsus  {^pitt.  ad  Vdttrvm) 
eupposeth,  but  plaaeta  eoncentrick  with  tha  sun,  and  not  far  from  him, 
with  Tegular  motione.  ChriBtopher  Schemer  [Scheiner]  a  Oermaa 
Saisaar  Jesuit,  Ursica  Rosa  [Qy.,  in  his  Rota  Urtina],  dirides  tbem  in 
mactUai  tt  faeula>,  and  will  hare  them  to  be  flifd  in  lolii  tuptrficii, 
and  to  abflolre  their  periodicall  and  r^nlar  motion  in  27  or  28  dayee ; 
hotding  withall  the  rotation  of  the  sun  upon  his  center ;  and  are  all  so 
eonddent,  that  they  have  made  skemes  and  tables  of  their  motions. 
The  Hollander,  in  bis  dutrrlaliiinaiia  cvtn  ApelU,  censures  all ;  and 
tlnu  they  disagree  amongst  themselTcs,  old  and  new,  irreconcileable  in 
their  opinions;  thna  Aristatchus,  thus  Hippacchna,  thus  FtolomiEDs, 
thna  Albateginne,  thus  Alfraganos,  thus  Tycho,  thu«  Bamerus,  thus 
BtBslinue,  thus  Fracastorius,  thus  Copernicus  and  his  adherents,  thus 
Clavina  and  Hnginus,  &c,,  vith  tbeir  followara,  Tary  and  determine  of 
these  eelestiall  orbs  and  bodies ;  and  so,  whileat  these  men  contend 
about  the  sun  and  moon,  like  the  philosophers  in  Lucian,  it  is  to  be 
feared  the  sun  and  moon  will  hide  tbemselTes,  and  be  as  mneh  offended 
«B  shee  was  with  those,  and  send  another  message  to  Jupiter,  by  some 
new  fangled  Icaromenippua,  to  make  an  end  of  all  those  curious  con- 
trorerwea,  and  KatUr  them  abroad.' 
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mioe  the  true  period  of  rotation  and  the  actual  position 
of  the  solar  axis  of  rotation.  In  his  '  Rosa  Ununa ' 
(a  most  monstrouB  Tolume)*  he  published  the  results 
of  his  labours.  He  assigned  to  the  Sun  a  rotation 
period  of  between  twenty-six  and  twenty-seven  days. 
He  also  stated  that  the  plane  of  the  Sun's  equator  is  in- 
clined between  6"  and  8°  to  the  plane  of  the  ecliptic, — 
a  very  creditable  result  coosideritig  his  means  of  obser- 
vation, since  the  best  modem  measures  assign  7^°  as 
the  value  of  this  angle. 

Scheioer,  Galileo,  and  Hevelius  would  seem  to  have 
independently  recognised  the  fact  that  the  solar  spots 
are  not  of  uniform  brightness,  but  coaunonly  sur- 
rounded by  a  fringe  less  dark  than  the  central  part 
The  last-named  astronomer  also  recognised  the  exist- 
ence  of  certain  bright  streaks  in  the  neighbourhood  of 
the  spots.     He  called  these  the  faculse. 

*  Yet  not  meriting  the  diBpanging  commenti  of  Delunbra,  who 
Mjs,  '  There  sre  few  books  to  diSiue  uid  bo  roid  of  facta.  It  contsiiu 
TS4  pagM  :  there  i>  not  matter  in  it  foe  flaj.'  Tha  prolizit;,  hoverer, 
belongs  to  the  Aga  in  which  Schemer  liTed,  and  is  bj  no  meuis  pecdliAr 
to  him.  By  a  Bimilar  mode  of  Judgiog,  we  should  be  entitled  to  hold 
in  deriaiOD  the  worka  of  Kepler.  Lalande  thus  vritea  reepecting 
Seheiner.  '  Quoi  qu'il  en  pnisee  fitre  de  celui  A  qni  le  luaard  a  fait 
voir  lea  Ucbei  poor  la  premie  foil,  il  eat  sta  qua  paraonne  na  le* 
obeerTH  auiiai  bien  et  n'en  donna  la  thioria  d'nae  maniire  aussi  ccm- 
plMe  que  Seheiner.  Son  ouvraga  a  774  pagsa  aur  cette  matiire,  at  ceU 
eufBt  pour  taira  Tmr  avec  qaelle  aandoitd  il  a'en  occnpa,  et  oombien  il 
donna  d'Atandue  k  era  recherchei.  E^T^llui  le  cite  airee  la  plus  grand 
iloge:  "IncomparabiliaetomnigennemditiDiiia  ....  nt  inhac  materia 
□mniboa  pelmam  qnaai  [SKripniaae  dici  poiaet." '  Sd  much  it  ba* 
■eemed  fltting  to  aa;  retpecUog  a  moat  laborioui  and  iogenioua  inra' 
tigator,  whoae  Talsable  roaonrchei  into  aolar  pbftica  have  not  received 
the  credit  idiich  the;  deaerre. 
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A  long  series  of  obBermtioDS  of  Sun-spote  now 
began,  and  msmy  hypotheses  of  more  or  less  ingenuity 
were  put  forward  to  account  for  the  phenomena  which 
they  present.  For  some  time,  indeed,  the  posaibility 
of  their  existence  was  earnestly  denied  by  the  students 
of  Aristotelian  philosophy.  It  is  impossible,  they 
gravely  urged,  that  the  Eye  of  the  Universe  should 
suffer  £rom  ophthalmia ;  and  it  is  related  that  when 
Soheiner  communicated  his  discovery  of  the  solar 
spots  to  the  provincial  of  hb  order,  the  latter,  who  was 
an  earnest  Aristotelian,  answered, '  I  have  read  Aris- 
totle's writings  from  beginning  to  end  many  times,  and 
I  can  assure  you  I  have  nowhere  found  in  them  any- 
thing similar  to  what  you  mention ;  go,  therefore,  my 
son  ;  tranquillise  yourself;  be  assured  that  what  you 
take  for  spots  in  the  Sun  are  the  faults  of  your  glasses 
or  your  eyes.' 

Peapit«  the  defenders  of  Aristotle's  infallibility, 
however,  the  progress  of  solar  research  went  on. 
Galileo  continued  his  labours,  until,  from  viewing  the 
Sun  so  often  without  the  dark  glasses  now  commonly 
employed,  he  lost  his  eyesight.  Scheiner,  Hevelius, 
and  other  observers,  added  largely  to  the  store  of 
known  facts ;  and  gradually  the  observation  of  solar 
spots  b^^  to  be  recognised  as  a  regular  part  of  the 
astronomer's  work. 

'  X  ^  ''o^  propose,  however,  to  give  a  detwled  ac- 
llflWt  of  the  observations  made  in  those  etriiar  years 
^  tftlHoopic  observation  of  the  Sun.  ludepd,  to  give 
»  iiiU  bjitory  of  those  observatiooB,  aod>  tif  extend  the 
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same  fulness  of  a&rrative  to  later  researches,  would  re- 
quire twenty  or  thirty  such  volumes  as  the  present. 

I  shall  content  myself  with  selecting  certain  illus- 
trative instances  of  solar  observation  by  the  earlier 
astronomers,  choosing  those  observations  specially 
which  tend  to  introduce  the  results  more  completely 
educed  by  recent  lesearches. 

Cassini  wntes  thus  of  a  spot  observed  by  him  in 
August  1671.*  '  It  is  now  about  twenty  yean  since, 
that  astronomers  have  not  seen  any  considerable  spots 
on  the  Sun,  though  before  that  time,  since  the  inven- 
tion of  the  telescope,  they  have  from  time  to  time 
observed  them.  The  Sun  appeared  all  that  while  witJi 
an  entire  brightness,  and  I  saw  him  so  on  the  ninth  of 
the  month  of  August.  But  on  the  eleventh  of  the 
same,  about  six  a  clock  at  night,  being  fumisht  only 
with  a  three-foot  glass,  I  remarked  in  the  Sun's  disque 
two  spots  very  dark,  distant  from  his  apparent  centre 
about  the  third  part  of  his  semi-diameter.  .  .  .  The 
first  of  these  spots,  being  look'd  npon  with  a  telescope 
of  seventeen  foot  long,  appeared  of  a  somewhat  oval 
figure ;  the  other  was  oblong  and  a  little  curved,  like 
the  Hebrew  letter  Jod ;  and  both  together  were  sur- 
rounded by  a  corolla  or  coronet  made  up  of  little  dark 
points '  (the  penumbra)  '  which  conformed  itself  to  Uie 
figure  of  the  spots,  considered  as  they  were  joined 
tt^ther.  .  .  .  The   twelfth  of  August,  1671,  I  ob- 

*  SeiB  Ob»ervatio»$  of  ^Ui  in  tie  Sun  ;  madt  at  Iht  Eoj/al  Academy 
of  Faru  »•  August  11,  12,  and  13,  1671]  toid  EaglUk't  iml  of  ih« 
PtokK.     PJW.  Traiu.  «d.  vi.  p.  S.Ml. 
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served  them  from  the  time  of  Bim-riaing,  and  perceived 
that  they  were  nearer  his  centre.  .  .  .  The  first  was 
composed  of  two  others  almost  round  and  conjoyn'd. 
The  second  represented  the  shape  of  a  scorpion.  The 
third  was  round '  (this  is  the  first  intimation  we  have 
of  the  triplicity  of  the  group),  *  and  they  were  all  three 
environed  with  a  coronet,  which  was  composed,  as  said 
above,  of  abundance  of  little  obscure  pricks.  This 
coronet  appeared  to  be  clearer  than  the  rest  of  the  Sun 
when  looked  upon  with  the  short  glass,  and  darker 
when  seen  with  the  long.  Without  it  there  were  other 
points,  hut  very  black  ones,  viz,  five  near  the  round 
spot  on  the  south  side,  and  another  near  the  scorpion's 
tail  on  the  north  side.  At  eight  a  clock  and  forty- 
eight  tninnts,  the  figure  of  the  scorpion  was  seen 
divided  into  several  pieces,  as  if  his  tail  and  arms  had 
been  cut  off.  The  northern  point  remained  no  more, 
there  remaining  none  but  those  seen  on  the  south  side ; 
and  the  length  of  the  enclosure  of  all  the  spots,  com- 
prehended between  the  extremities,  was  of  one  minut 
and  fiAeen  seconds,  and  the  breadth  of  thirty  seconds.' 
On  August  12  Cassini  found  no  great  change  had 
taken  place,  but  the  black  points  outside  the  spot 
were  now  spread  in  a  straight  row.  On  the  13th 
'  the  edge  of  the  coronet  was  turned  to  a  point  on  the 
south  side.'  The  spot  had  indeed  changed  in  that 
strange  way  which  all  observers  of  the  Sun  must  be 
familiar  with,  the  following  extremity  of  the  penumbra 
drawn  oat  to  a  point  which  was  so  curled  round  as  to 
be  directed  towards  the  preceding  end  of  the  spot 
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CaBeini  afterwards  traced  the  progress  of  this  spot  to 
the  Sun's  limb.  He  remarks, '  The  apparent  velocity 
nigh  the  centre  was  such  that  if  it  had  continued  the 
same,  the  spots  wonld  have  arrived  almost  in  four  dsys 
to  the  limb  of  the  disque;  but  in  the  hypothesis' — that 
they  are  either  attached  to  the  Sun's  surface  or  not  far 
from  it — '  this  i^parent  velocity  was  to  lessen  accord- 
ing as  the  spots  should  remove  from  the  centre ;  as 
hath  come  to  pasa  in  effect.  The  diminution  in  the 
length  of  the  misty  crown '  (a  strange  name  for  the 
penumbra)  '  was  in  a  manner  proportionat  to  the 
diminution  of  the  apparent  velocity  ;  since  that  when 
this  crown  was  in  the  midle,  and  in  a  scituation 
wherein  its  true  figure  could  be  best  seen,  it  appeared 
oblong  and  of  the  form  of  an  human  ear,  its  greatest 
'  diameter  respecting  east  and  west ;  but  being  nigh  the 
limb,  this  same  diameter  seemed  to  shorten ;  and 
having  appeared  greatest  in  its  first  scituation,  it 
appeared  least  in  this,  because  it  was  almost  in  a 
circle  that  passed  through  the  centre  of  the  Sun, 
whose  equal  arches  are  by  so  much  the  more  oblique 
by  how  much  they  approach  more  to  the  limb  of  hia 
disque,  and  consequently  appear  less  according  to  the 
rules  of  opticks;  meantime  the  diameter  that  was 
turned  from  north  to  south  apparently  kept  the  same 
bigness  it  had  near  the  centre,  because  it  was  in  a 
circle  almost  parallel  to  the  horizon  of  the  Sun,  which 
formed  the  representation  of  its  limb,  and  whose  equal 
arches '  (by  the  same  optical  reasons)  '  do  not  appear 
contracted.'     Tt  will  be  seen  by  this  reasoning — which, 
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being  interpreted,  significB  that  the  effect  of  fore- 
shortening was  to  make  the  spot  seem  longest  in  a 
direction  square  to  a  line  from  the  Sun's  centre — that 
Cassini  had  on  this  occasion  come  very  near  to  the 
discovery  afterwards  made  by  Dr.  Wilson,  that  the 
nucleus  of  a  spot  is  at  a  lower  level  than  the  solar 
photosphere.  For  had  he  but  noticed  an  excess  of 
breadth  in  the  penumbra  nearest  to  the  Sun's  limb, 
the  same  just  reasoning  which  he  applied  to  the  figure 
of  the  spot  would  have  enabled  him  to  pronounce  at 
once  respecting  the  relative  level  of  the  nucleus,  the 
penumbra,  and  the  photosphere.  He  gives  a  picture 
of  the  spot  close  by  the  Sun's  limb,  in  which  the 
penumbra  is  of  equal  width  on  the  side  next  the 
centre  and  on  that  next  the  limb.  Most  probably  no 
such  peculiarity  as  Dr.  Wilson  detected,  existed  in 
the  case  of  this  particular  spot  In  fact,  so  far  as  my 
«)wn  experience  of  the  aspect  of  Sun-spots  is  con- 
cerned, spots  such  as  the  one  observed  by  Cassini 
seldom  exhibit  the  peculiarity  in  question  in  a  manner 
which  would  enable  an  observer  to  theorise  safely 
respecting  the  level  at  which  nucleus,  penumbra,  and 
photosphere  actually  lie. 

In  November  1769,  Dr.  Wilson,  of  Glasgow,  began 
the  careful  study  of  a  large  spot  (visible  to  die  naked 
eye).  The  results  which  he  deduced  from  its  changes 
of  appearance  are  of  great  interest  and  importance. 
When  he  first  examined  the  spot  (November  22)  it 
was  situated  not  very  far  from  the  western  edge  pf  the 
Sun's  disc     On  the  next  day  he  found  that  the  spot 
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had  changed  in  appearance.  '  The  penumbra  which 
on  the  previous  day  was  equally  broad  on  all  sides  of 
the  nucleus  *  was  now  very  much  contracted  on  the 
side  which  lay  towards  the  centre  of  the  disc,  while 
the  other  parts  retained  nearly  their  fonner  dimensions. 
On  the  24th  he  again  observed  the  spot.  The  distance 
from  the  limb  was  now  only  twenty-four  seconds,  and 
the  contracted  side  of  the  penumbra  had  entirely 
vanished.  The  breadth  of  the  nucleus  on  the  same 
side  also  appeared  to  be  more  suddenly  im|>aired  than 
it  ought  to  have  been  by  the  motion  of  the  Sun  across 
the  disc' 

Dr.  Wilson  showed  that  these  results  correspond 
with  those  which  would  follow  if  the  spot  was  a  vast 
cavernous  opening,  having  the  nucleus  at  the  bottom, 
and  the  penumbra  forming  its  sloping  sides.  It  only 
remained  to  be  seen  whether  a  corresponding  succession 
of  changes  occurred  when  the  spot  re-appeared  on  the 
eastern  edge,  and  thence  passed  across  the  solar  disc. 
This  actually  happened.  '  On  December  1 1 ,  the  spot 
appeared  on  the  opposite  side  of  the  disc.  It  was  then 
distant  about  a  minute  and  a  half  from  the  edge.  The 
side  of  the  penumbra  next  the  edge,  which  formerly 
vanished,  was  now  wholly  visible,  while  that  turned 
towards  the  centre  of  the  disc  appeared  to  be  wanting. 
On  December  12  it  came  into  view,  and  he  saw  it 
distinctly,  though  narrower  than  the  other  side.  He 
did  not  see  the  spot  ^ain  until  December  17,  when  it 

*  From  Professor  Gnat's  tlutract  of  the  origioal  narrktiTe,  in  liin 
oxesUent  Hutory  of  Phytical  Attronomg. 
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had  passed  the  centre  of  the  disc,  and  the  penumbra 
now  appeared  to  surround  the  nucleus  equally  on  all 
sides. 

In  fig.  41  the  upper  row  of  spots  represents  the 
succession  of  changes  actually  presented  by  this  spot, 
while  the  lower  shows  what  would  occur  as  a  spot 
traversed  the  Sun's  disc,  if  the  spot  were  simply  a 
surface  stain  with  a  penumhral  fringe.     It  will  be  seen 


that  the  diiference  between  the  appearances  depicted 
in  the  two  rows  is  of  a  sufficiently  marked  character. 
It  will  also  be  noticed  that  even  without  any  definite 
explanation  of  the  peculiarities  shown  in  the  upper  row, 
the  mind  at  once  recogniseB  the  fact  that  we  have  here 
to  do  with  a  cavity  or  depression. 

Let  us  examine,  however,  the  line  of  reasoning  by 
which  Dr.  Wilson  demonstrated  this. 
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Let  A,  B,  c  (fig.  42)*  be  supposed  to  represent  per- 
spective views  of  a  saucer-shaped  depression  on  the 
surface  of  a  sphere — the  depressions  being  all  of  like 
dimensions  (the  sloping  sides  are  assumed  in  these 
three  views  to  be  transparent).  Then  it  Is  obvious  that 
to  an  eye,  supposed  to  view  them  from  above,  the 
relative  breadth  of  the  black  base  and  of  the  shaded 
sides  would  be  indicated  by  the  breadtli  of  the  d^'k 
and  shaded  spaces  carried  vertically  upwards  from  the 


spots.  Now,  suppose  the  sphere  to  be  rotated  on  a 
horizontal  axis  so  that  the  spots  are  brought  (their 
edges  sliding  as  it  were  along,  the  dotted  lines)  down 
to  the  positions  a',  b',  c'  Then  the  relative  breadths 
of  die  penumbra  and  nucleus  will  be  indicated  by  the 

•  This  figure  in  easonlialB  closely  reaemHeB  »  figure  in  Fr.  Stwrhi's 
ivcentl;  publisbed  work  on  the  Sun.  It  was  drawn  by  me,  however, 
und  Htnplojed  in  lUoiiIratiiig  lectures,  nearly  a  ysar  bsfore  Secchi's 
book  appeared. 
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distaiices  separating  these  dotted  lines,  and  mnst  needs 
therefore  be  such'  as  are  shown  in  the  figure.  The 
shape  of  the  depression  would  also  be  as  shown.  We 
ftee,  then,  that  to  an  eye  watching  a  depression  of  this 
sort  as  it  rotated  from  the  position  a'  to  the  position  ' 
c',  changes  of  shape  would  be  shown  which  correspond 
exactly  with  those  recognised  by  Dr."  Wilson. 

This   is  the    proper  place  to   point  out,    however, 
Fia.  43. 


that  Dr.  Wilson's  observationB  were  insufiScient  to 
demonstrate  that  a  spot  is  a  region  which  lies  as  a 
whole  beneath  the  solar  surface.  They  show  only  that 
the  nucleus  of  the  spot  he  observed  lay  at  a  lower 
level  than  the  penumbra.  It  is  evident  from  fig.  43 
that  appearances  precisely  corresponding  to  those  ob- 
served by  Wilson  would  be  seen  if  spots  were  caused 
by  a  double  layer  of  clouds  in  the  solar  atmosphere, 
the  lower  opaque,  the  npper  semi-transparent  and  ex- 
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tending  on  all  sides  beyond  the  limits  covered  by 
the  lower.  Such  an  interpretation  has  indeed  been 
put  forward  in  recent  times  by  Kirchhoff,  And  is  still 
maintained,  I  belicTe,  by  Sporer. 

Wilson's  physical  interpretation  of  the  occurrence 
of  these  solar  depressions  need  not  detain  us  here. 
They  have  not  been  regarded  as  so  successful  as  his 
geometrical  analysis  of  the  observed  phenomena.  It 
is  only  just  to  add  that  he  himself  did  not  attach  equal 
weight  to  them ;  for  in  answer  to  objections  urged  by 
Lalande  to  his  theory  that  the  spots  are  depressions, 
Wilson  wrote  thus  in  1783 ;— '  Whether  Uieir  first 
production  and  subsequent  numberless  changes  depend 
upon  the  eructation  of  elastic  vapours  from  below,  or 
upon  eddiet  or  wkirlpooU  commencing  at  the  gurface,  or 
upon  the  dissolving  of  this  luminous  matter  in  the  solar 
atmosphere,  as  clouds  are  melted  and  again  given  out 
by  OUT  air,  or,  if  the  reader  pleases,  upon  the  annihi- 
lation and  reproduction  of  parts  of  this  resplendent 
covering,  is  left  for  theory  to  guess  at.' 

Passing  also  over  the  theories  of  Bode,  which  dif- 
fered in  no  important  respect  from  those  of  Wilson, 
let  us  turn  now  to  the  observations  and  theories  of 
the  greatest  observational  astronomer  the  world  has 
ever  known — Sir  William  Herachel.  I  propose  to 
treat  at  considerable  length  what  he  has  advanced  upon 
the  subject  of  the  Sun,  partly  because  of  the  great 
value  of  his  work,  but  partly  also  to  reclaim  for  him 
many  discoveries  which  have  been  assigned  to  later 
observers.     What  these  are  I  need  not  in  every  in- 
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stance  particularise ;  but  it  seems  to  me  essential  that 
the  original  observation  of  facts  of  so  much  interest 
and  importance,  only  determinable  by  long  and  patient 
scrutiny  of  the  Sud,  should  be  assigned  to  their  proper 
plac«. 

Liet  me  begin  by  quoting  the  fine  passage  in  which 
Sir  William  Herschel  speaks  of  the  central  luminary 
of  our  system. 

*  Among  the  celestial  bodies,'  he  says, '  the  Sun  is 
certainly  the  first  which  should  attract  our  notice.  It 
is  a  fountain  of  light  that  illuminates  the  world !  it  is 
Hba  cause  of  that  heat  which  maintains  the  productive 
power  of  nature,  and  makes  the  Earth  a  fit  habitation 
for  man  1  it  is  the  central  body  of  the  planetary  system ; 
and  what  renders  a  knowledge  of  its  nature  still  more 
interesdng  to  ub,  ia  that  the  numberless  stars  which 
compose  the  universe,  appear  by  the  strictest  analogy 
to  be  similar  bodies.  Their  innate  light  is  so  intense, 
that  it  reaches  the  eye  of  the  observer  from  the  re- 
motest region  of  space,  and  forcibly  claims  his  notice.' 

Next  let  us  hear  his  summary  (^  the  theories  which 
had  been  put  forward  respecting  the  physical  constitu- 
tion of  the  Sun.  I  may  note  in  passing  that  the  open- 
ing remarks  are  as  applicable  in  the  present  day  as 
when  Herschel  wrote  them : — '  I  should  not  wonder,' 
says  the  great  astronomer,  'if  we  were  induced  to 
think  that  nothing  remained  to  complete  our  know- 
ledge ;  and  yet  it  will  not  be  difficult  to  show  that  we 
are  still  very  ignorant,  at  least  with  regard  to  the  inter- 
nal constitution  of  the  Sun.     The  various  conjectures 
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which  have  been  formed  on  thia  subject  are  evident 
marks  of  the  uncertainty  nnder  which  we  have  hitherto 
laboured.  The  dark  spots  in  the  Sun,  for  instance, 
have  been  supposed  to  be  solid  bodies  revolving  very 
near  its  surface.  Thej  have  been  conjectured  to  be 
the  smoke  of  volcanoes,  or  the  scum  floatJDg  upon  an 
ocean  of  fluid  matter.  They  have  also  been  taken  for 
clouds.  They  were  explained  to  be  opaque  masses, 
swimming  in  the  fluid  matter  of  the  Sun ;  dipping 
down  occasionally.  It  has  been  supposed  that  a  fiery 
liquid  surrounded  the  Sun,  and  that,  by  its  ebbing  and 
flowing,  the  highest  parts  of  it  were  occasionally  un- 
covered, and  appeared  under  the  shape  of  dark  spots  ; 
and  that  by  the  return  of  this  fiery  liquid  they  were 
again  covered,  and  in  that  manner  successively  assumed 
different  phases.  The  San  itself  has  been  called  a 
globe  of  fire,  though  perhaps  metaphorically.  The 
waste  it  would  undergo  by  a  gradual  consumption,  on 
the  supposition  of  its  being  ignited,  has  been  ingeniously 
calculated.  And  in  the  same  point  of  view  its  inunense 
power  of  heating  the  bodies  of  such  comets  as  draw 
very  near  to  it  baa  been  assigned.'  'In  supporting,' 
he  proceeds, '  the  ideas  I  shall  propose  in  this  paper 
with  regard  to  the  physical  constitution  of  the  Snn,  I 
have  availed  myself  of  the  labours  of  all  these  astrono- 
mers, but  have  been  induced  thereto  only  by  my  own 
actual  observation  of  the  solar  phenomena,  which, 
besides  verifying  those  particulars  that  had  been 
already  observed,  gave  me  such  views  of  the  solar 
regions  as  led  to  the  foundation  of  a  very  rational 
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system.  For  hsTiDg  the  advantage  of  former  observa- 
ticHts,  my  latest  reviews  of  the  body  of  the  Sun  were 
immediately  directed  to  the  most  essential  points;  and 
the  work  was  by  this  means  facilitated  and  contracted 
into  a  pretty  narrow  compass.' 

'  In  the  year  1779,'  be  begins, '  there  was  a  spot  on 
tite  Son  which  wa«  large  enough  to  be  seen  with  the 
naked  eye.  By  a  view  of  it  with  a  7-feet  reflector, 
charged  with  a  very  high  power,  it  appeared  to  be 
divided  into  two  parts.  The  largest  of  the  two  on 
April  Idmeasured  1'  6"'06  in  diameter,  which  is  equal 
in  length  to  more  than.  31,000  miles.  Both  together 
mast  certainly  have  exceeded  50,000.  The  idea  of 
its  b^g  occasioned  by  a  Tolcanic  explosion,  violently 
driving  away  a  fiery  fluid,  which  on  its  retnm  would 
gradually  fill  np  the  vacancy,  and  thus  restore  the  Sun, 
in  that  place,  to  its  former  splendour,  ought  to  be  rejec- 
ted on  many  accounts.  To  mention  only  one,  the  great 
extent  of  the  spot  is  Tery  un&TOnrable  to  that  supposi- 
tion. Indeed,  a  much  less  violent  and  pemitnous  cause 
may  be  assigned,  to  account  for  all  the  appearances  of 
the  spot. 

'  The  Earth  is  surrounded  by  an  atmosphere  com- 
posed of  various  elastic  fluids.  The  Sun,  also,  has  its 
atmo^here,  and  if  some  of  the  fluids  which  enter  into 
its  composition  should  be  of  a  shining  britliaucy  while 
others  are  merely  transparent,  any  temporary  cause 
which  may  remove  the  lucid  fluid  will  permit  ub  to  see 
the  body  of  the  Son  through  the  transparent  ones.  If 
an  ohgerrer  were  placed  on  the  Moon,  he  would  see  the 
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solid  body  of  our  Earth  only  in  those  places  where  the 
transparent  fluide  of  the  atmosphere  would  permit  him. 
In  others  the  opaque  vapours  would  reflect  the  light 
of  the  Sun  without  permitting  his  view  to  penetrate  to 
the  surface  of  our  globe.  He  would  probably  also  find 
that  our  planet  had  occasionally  some  shining  fluids  in 
its  atmosphere ;  as,  not  unlikely,  some  of  our  northera 
lights  might  attract  his  notice,  if  they  happened  in  the 
unenlightened  part  of  the  Earth,  and  were  seen  by 
him  in  his  long  dark  night  Nay,  we  have  pretty  good 
reason  to  believe,  that  probably  all  the  planets  emit 
light  in  some  degree;  for  the  illumination  which  re- 
muns  OQ  the  Moon  in  a  total  eclipse  cannot  be  entirely 
ascribed  to  the  light  which  may  reach  it  by  the  refrac- 
tion of  the  Earth's  atmosphere.*  .  .  In  the  instance  of 
one  large  spot  on  the  Sun,  I  concluded,  from  appear- 
ances, that  I  viewed  the  real  solid  body  of  the  Sun 
itself,  of  which  we  rarely  see  more  than  its  shining 
atmosphere.* 

'In  the  year  1783,'  he  proceeds, '  I  observed  a  fine 
large  spot,  and  followed  it  up  to  the  edge  of  the  Sun's 
limb.  Here  I  took  notice  that  the  spot  was  plainly 
depressed  below  the  surface  of  the  Sun ;  and  tliat  it 
had  very  broad  shelving  sides.     I  also  suspected  some 

*  There  ia,  howsrer,  ui  important  flaw  in  tbo  reHsoaing  on  vhich  Sir 
William  Henchel  bowa  (JiiH  opinion.  He  takes  the  horizontal  refrac- 
tion Ave  U>  a  ray  of  solar  light  so  entering  tbe  Earth's  atmosphere  as  to 
reach  the  surface  of  iJia  £artb  tangentiallj,  without  notictng  that  the 
same  amouDt  of  refraction  vill  affect  the  ray  as  it  passes  oat  of  tbe 
terrestrinl  atmosphere.  This  error  is  repeated  in  ^eif^aaoa'i  J^ronojsi/, 
and  bM  since  been  often  qnoted  viChoDt  corraction. 
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part  at  leiut  of  the  shelving  sides  to  be  elevated  above  the 
surface  of  the  Sud;  and  observed  that,  contrary  to  what 
usDaliy  happens,  the  margin  of  that  side  of  the  spot 
which  was  farthest  from  the  limb  was  the  broadest* 
It  will  be  noticed  that  in  the  picture  of  the  Sun 
inreseoted  in  Plate  I.,  Mr.  Browning  delineates  in 
the  case  of  one  spot  of  the  group  a  precisely  analogous 
appearance. 

Sir  William  Herschel's  explanation  of  these  peculiar 
appearances  need  not  be  quoted,  as  it  has  been  disposed 
of  by  recent  researches. 

•In  the  year  1791,' he  proceeds,  *  I  examined  a  large 
spot  in  the  Sun,  and  found  it  evidently  depressed 
below  the  level  of  the  surface ;  about  the  third  part 
was  a  broad  margin  or  plane  of  considerable  extent, 
less  bright  than  the  Sun,  and  also  lower  than  its 
surface.  This  plane  seemed  to  rise,  with  shelving 
sides,  up  to  the  place  where  it  joined  the  level  of  the 
surface.'* 

'  How   very   ill,'    proceeds   Herschel,   '  would   this 

■  Henchcl  reasoiis  tiut  then  could  hsTs  b««D  do  deception  in  this 
ftppeazBDce,.  befaiuB  Um  Sun  Uoked  coovez,  whereaa  be  had  noticed 
that  on  thoae  occaHou  vbea  the  Uoon's  mountwns  and  ralle^  were 
apparently  rercrsed,  the  Moon  btrwlf  aliraji  looked  concave,  tlie 
illusion  dinppearing  wbea  the  mind  was  directed  to  tbe  fact  of  the 
Moon  beii^  in  truth  convex.  It  may  be  quea^oned,  however,  whether 
this  raaaoDing  can  Jkirly  be  applied  to  B  self-) umi nous  body.  The 
peenlinlit]'  affecting  t^ie  apparent  concavi^  or  convexity  of  the  lunar 
monntaini  or  craten,  depends  entirely  on  the  ideal  present  in  tbe 
miod  at  tlie  moment  of  observation,  leepocting  the  direction  in  which 
tlM  aouKe  of  illumination  lies—precisely  an  in  the  analogous  ezperitnent 
with  a  BMil  or  ooin,  discussed  in  Brewster's  Naturid  Moffic.  Such  con- 
wderations  cannot  affect  our  views  leipectiag  a  self-luminoiu  body. 
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observation  agree  with  the  ideas  of  solid  bodies  bobbing 
up  and  down  in  a  fiery  liquid — with  the  amoke  of 
volcanoes,  or  scum  upon  an  ocean;  and  how  easily  is 
it  explained  upon  our  foregoing  theory.  The  removal 
of  the  shining  atmosphere,  which  permits  us  to  see  the 
Sun,  must  naturally  be  attended  with  a  gradual  dimi- 
nution on  its  borders ;  an  instance  of  a  similaV  kind 
we  have  dwiy  before  us,  when  through  the  opening  of 
a  cloud  we  see  the  sky,  which  generally  is  attended  by 
a  surrounding  haziness  of  some  short  extent,  and 
seldom  transits  from  a  perfect  clearness  to  its.  greatest 
obscurity.' 

On  August  26,  1792,  Herschel  examined  the  Sun 
with  several  powers,  from  90  to  500.  '  It  appears 
evidently  '  he  remarks,  '  that  the  black  spots  are  the 
opaque  ground  or  body  of  the  Sun ;  and  that  the 
luminous  part  is  an  atmosphere, which,  being  interrupted 
or  broken,  gives  us  a  transient  glimpse  of  the  Sun 
itself.'  He  presently  suggests  that  possibly  even 
where  there  are  no  spots,  the  real  surface  of  the  Sun 
may  now  and  then  be  perceived — *  as  we  see  the  shape 
of  the  wick  of  a  candle  through  itn  flame,  or  the  con- 
tents of  a  furnace  in  the  midst  of  the  brightest  glare  of 
it ;  but  this,  I  should  8upp<ee,  will  only  happen  where 
the  lucid  matter  of  the  Sun  is  not  very  accumulated.' 

A  few  days  later  he  studied  some  well-marked 
facula:.  In  the  neighbourhood  of  a  dark  spot  pretty 
near  the  edge,  *  I  saiv,'  he  says,  '  a  great  number  of 
elevated  bright  places,  making  varioas  figures.  1  shall 
call  them  facula,  with  Hevelius ;  but  without  assign- 
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ing  to  this  term  any  other  meaning  than  what  it  will 
hereafter  appear  ought  to  be  given  to  it  I  see  these 
facuUe  extended  on  the  preceding  side,  over  about 
one-sixth  part  of  the  Sun ;  but  so  far  from  resembling 
torches,  they  appear  to  me  like  the  shrivelled  eleva- 
tions upon  a  dried  apple,  extended  in  length  ;  and  most 
of  them  are  joined  together,  making  waves,  or  waving 
lines.     By  some  good  views  in  the  afternoon,  I  find 


ThR  Sim'a  corrugaMd  noifiice. — Stcehi. 

that  the  rest  of  the  surface  of  the  Sun  does  not  contain 
any  faculie,  except  a  few  on  the  following  and  equa- 
torial part  of  the  Sun.  Towards  the  north  and  Bouth 
I  see  DO  faculiB ;  there  is  all  over  the  Sun  a  great 
unevenness  in  the  surface,  which  has  the  appearance 
of  a  mixture  of  small  points  of  an  unequal  light ;  but 
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they  are  evidently  an  uneTenneBs  or  roughness  of  high 
and  low  parts.' 

The  accompanying  views  (liga.  44  and  45)  of 
portiooB  of  the  Sun's  surface,  as  delineated  by  Secchi 
with  the  fine  telescope  of  the  Roman  observatory, 
correspond  exactly  with  this  description.  Note  also 
the  drawing  by  Chacornac  (fig.  55)  farther  on. 

After  a  week's  observations  of  the  faculte,  Herschel 
thus  reasons  about  them : — '  The  fnculte  being  eleva- 


tions, very  satisfactorily  explains  the  reason  why  they 
disappear  towards  the  middle  of  the  Sun,  and  reappear 
on  the  other  margin ;  for,  about  the  place  where  we 
lose  them  they  begin  to  be  edgeways  to  our  view ;  and 
if  between  the  faculse  should  lie  dark  spots,  they  will 
most  frequently  break  out  in  the  middle  of  the  Sun, 
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because  tlie^  are  no  longer  covered  by  the  side  viens 
of  these  faculse.'* 

On  September  22,  1792,  Uerschel  observed  few 
facula:  on  the  Sun  and  few  spots,  but  the  whole  disc 
very  much  marked  with  roughness,  like  an  orange,  and 
some  of  the  lowest  parts  of  the  inequalities  blackish. 
On  the  following  day  he  thus  associates  this  roughness 
with  the  facuts : — '  The  faculse  are  ridges  of  elevation 
above  the  rough  surface. 'f 

On  February  23,  1794,  Herschel  noticed  an  appear- 
ance which  is  very  well  illustrated  in  Mr.  Browning's 
drawing  of  the  Sun,  Plate  I.  '  One  of  the  black 
spots  on  the  preceding  margin,  which  was  greatly 
below  the  margin  of  the  Sun,  had,  next  to  it,  a 
protuberant  lump  of  shining  matter,  a  little  brighter 
than  the  rest  of  the  Sun.  About  all  the  spots,'  he 
adds,  *  the  shining  matter  seems  to  have  been  dis- 
turbed ;  and  is  even  lumpy  and  zig-zagged  in  an  ir- 
regular manner.  I  call  the  spots  black,  not  that  they 
are  entirely  so,  but  merely  to  distinguish  them ;  for 
there  is  not  one  of  them  to-day  which  is  not  partly  or 
entirely  covered  with  whitish  and  unequally  bright  ne- 
bulosity or  cloudiness.     This  in  many  of  them  comes 

■  Perhaps  the  moat  eonviDciDg  proof  we  bHre  of  the  fact  that 
faculK  are  elflTBtiona,  n  that  suppliad  by  Mr.  Davea,  vho  actuallj  aaw 
■  focula  prqiecting  from  the  edge  of  the  Sun's  disc. 

t  The  obcerTHtioa  n^it  fbllowing  the  above  m  Herechel's  paper 
^Phil.  ,Tratu.  toI.  Izizt.)  is  worth  citing,  though  ths  fact  iovolved  is 
DOW  well-knowa  lo  all  obserrers  of  the  Sun.  It  ruDi  thus  : — '  Feb.  23, 
179i.  B;  an  experiment  I  have  juat  now  tried,  I  find  it  conflrmed 
that  the  Son  caDDot  be  lo  diEtinctly  Tiewed  with  a  imall  apertiiM  and 
&int  darfceaing  glsnea  u  with  a  large  aperture  and  itroDgfr  ones ;  this 
latter  is  the  method  1  alwaj-a  use.' 
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near  to  an  extinction  of  the  spot,  and  in  others,  seems 
to  bring  on  a  subdivision.' 

On  September  28,  1794,  Sir  William  Hetschel  ob- 
served a  spot  similar  in  its  general  characteristics  to 
that  on  the  observation  of  which  Wilson  had  based 
his  hypothesis.  '  There  is  a  dark  spot  in  the  Sun  on 
the  following  side.  It  is  certainly  depressed  below 
the  shining  atmosphere,  and  has  shelving  sides  of 
shining  matter  which  rise  up  higher  than  the  general 
surface,  and  are  brightest  at  the  top.  The  preceding 
shelving  side  is  rendered  almost  invisible  by  the  over- 
hanging of  the  preceding  elevations ;  while  the  fol- 
lowing is  very  well  exposed ;  the  spot  being  apparently- 
such  in  figure  as  denotes  a  circular  form  viewed  in  an 
oblique  direction.  Kear  the  follovring  margin  are 
many  bright  elevations  close  to  visible  depressions. 
The  depressed  parts  are  less  bright  than  the  common 
surface.  The  penumbra,  as  it  is  called,  about  this  spot 
is  a  considerable  plane,  of  less  brightness  than  the 
common  surface,  and  seerns  to  be  as  much  depressed 
below  that  surface  as  the  spot  is  below  the  plane.  Hence, 
if  the  brightness  of  the  Sun  is  occasioned  by  the 
lucid  atmosphere,  the  intensity  of  the  brightness  must 
be  less  where  it  is  depressed ;  for  light  being  trans- 
parent, must  be  the  more  intense  the  more  it  is  deep.* 

Having  thus  described  the  most  striking  of  his  first 
series  of  observationa,  Herachel  now  proceeds  to  enun- 
ciate his  theory  respecting  the  solar  constitution. 

He  remarks,  in  the  first  place^  that  it  cannot  be 
doubted  but  that  the  Sun  has  a  very  extensive  atmo- 
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sphere ;  '  and  that  this  atmosphere,*  he  proceedB, 
'  consists  of  various  elastic  fluids,  that  are  more  or  lees 
lucid  and  transparent,  and  of  which  the  lucid  one  is 
that  which  furnishes  us  with  light,  seems  also  to  be 
fully  established  by  all  the  phenomena  of  its  spots,  nf 
the  fsculs,  and  of  the  lucid  surface  itself.  There  is 
no  kind  of  variety  in  these  appearances  but  what  may 
be  accounted  for  with  the  greatest  facility,  from  the 
continued  agitation  which  we  may  easily  conceive  must 
take  place  in  the  regions  of  such  elastic  fluids.' 

After  dwelling  on  certain  illustrations  drawn  from 
the  clouds  in  our  own  atmosphere,  which  Herschel 
(strangely  enough)  r^ards  as  '  probably  decomposittonn 
of  some  of  the  elastic  fluids  of  the  atmosphere  itself,' 
Herschel  points  out  that  the  analogy  of  our  own  atmo- 
B{rfiere  will  not  be  less  to  his  purpose  to  whatever  cause 
the  clouds  may  owe  their  origin.  '  The  lucid  clouds 
of  the  Sun,  so  to  call  them,  plainly  exist,  because  we 
see  tb»n ;  the  manner  of  their  being  generated  may 
remain  an  hypothesis,  and  mine,  till  a  better  can  be 
proposed,  may  stand  good ;  but  whether  it  does  or  not, 
the  conseqtiences  I  am  going  to  draw  from  what  has 
been  said  will  not  be  affected  by  it'  * 

*  It  ii  a  pceoliiuity  of  Sir  Willifua  Henebfl'i  rcaaoning,  t]i«t  it  i* 
meitr}y  iilwtjM  diridaJ  vary  d^flnitely  iato  two  portion*,  which  yet 
nmny  who  stod]'  his  writings  are  opt  to  coDfoond.  We  flod  oertain  ran- 
dnaioDs  on  which  Sir  Williiun  Hencbsl  iunsta,  and  Mrtain  hTpothewi 
whith  be  «in|>l;  «ntuiciatt«.  Beapaetiug  th»u  lait,  be  haa  perhapa  aa 
ofteD  bem  in  the  wrong  a>  ia  the  right,  and  it  indicHtra  his  suiprising 
■cnnisn,  that  ao  ei'so  a  proportion  ahould  lie  obwired  in  ihs  ciae  of 
mm  hjrpoUuaM.  Beapecting  the  fDrmer,  I  cannot  recall  one  inititnce  in 
which  ha  haa  been  proved  to  hare  been  in  frror.  Owisg  to  hia  lingular 
claameaa  of  mmlal  riaioo,  and  »l*o  in  part  to  the  extrenw  lucidit}'  of 
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Herediel  then  statee  that  he  regards  the  spots  as 
regions  vhere  the  atmosphere  is  free  from  lucid  clondd, 
the  facnlie  as  regions  where  sudi  clouds  are  more 
numerous  than  elsewhere.  The  pennmbra  being  geoe- 
rally  depressed  about  half-way  between  the  level  of 
the  nucleus  and  that  of  the  j^otoepbere,  must  of  course 
be  fainter  than  other  parts.  '  No  spot  favourable  fur 
taking  measures  having  lately  been  on  tlie  Sun,'  be 
adds, '  I  can  only  judge  from  former  appearances  that 
the  regions  in  which  the  luminoas  solar  clouds  are 
formed,  adding  thereto  the  elevation  of  the  faculte, 
cannot  be  less  than  1,643,  nor  much  more  than  3,765 
miles  in  depth.  It  is  true  that  in  our  atmo6}diere  the 
extent  of  the  clouds  is  limited  to  a  very  narrow  com- 
pass ;  but  we  ought  rather  to  compare  the  Bohtr  once  to 
the  luminous  decompositions  which  take  j^oce  in  our 
aurora  borealis,  or  luminous  arches,  which  extend 
much  farther  than  the  cloudy  regions.  The  density 
of  the  luminous  solar  clouds,  though  very  great,  may 
not  be  exceedingly  more  so  than  that  of  our  aurora 
borealis.  For  if  we  consider  what  would  be  the  bril- 
liancy of  a  space  two  or  three  thousand  miles  deep 
tilled  with  such  coiruscations  as  we  see  now  and  then 
in  our  atmosphere,  their  apparent  >Dt«isity,  when 
viewed  at  the  distance  of  the  Sun,  might  not  be  much 
inferior  to  that  of  the  lucid  solar  fluid.' 

hia  drscriptioiw,  od*  U  yrrj  ^4  to  forget,  vhen  he  IB  dsscrlbiDg  men 
hypothesea,  tlmC  he  is  not  discUBBiiig  eetaUished  concluBions ;  and  to 
tJiis  piobnbly  is  dne  the  fact  that  some  oT  his  varmeet  adminn  do 
him  the  iqjiuitice  of  iaiia^Dg  as  eaniestlj  on  riewa  which  he  pat 
fonranl  simply  as  hypotheses,  as  though  they  had  been  emutdated  by 
hiu  as  legitimate  deductioas  tmaa  abtterred  facts. 
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From  the  luminous  atmosphere  of  the  Sun,  Herschel 
proceeds  to  the  opaque  body,  which  he  surmises  to  be 
of  great  soHdity,  on  account  of  the  power  it  exerts  upon 
the  planets.  From  the  phenomena  of  those  dark  spots 
which  have  been  repeatedly  seen  in  the  same  place, 
'  and  otherwise  denote  inequalities  in  their  level,'  he 
suggests  that  the  Sun's  surface  '  is  diversified  with 
mountains  and  valleys.' 

Then  follows  that  remarkable  passage  which  every 
student  of  astronomy  knows  by  heart ;  but  which  yet 
(even  though  we  may  not  accept — as  I  confess  I  do 
not — the  opinions  suggested  id  it)  will  well  bear  re> 
petition : — 

'  The  Sun,  viewed  in  this  light,  appears  to  be  nothing 
else  than  a  very  eminent,  large,  and  lucid  planet,  evi- 
dently the  first,  or,  in  strictness  of  speaking,  the  only 
primary  one  of  our  system,  all  others  being  truly 
secondary  to  it.  Its  similanty  to  the  other  globes  of 
the  solar  system  with  regard  to  its  solidity,  its  atmo- 
sphere, and  its  diversified  surface ;  the  rotation  upon 
its  axis,  and  the  fall  of  heavy  bodies,  lead  us  on  to 
suppose  that  it  is  most  probably  also  inhabited,  like 
the  rest  of  the  planets,  by  beings  whose  organs  are 
adapted  to  the  peculiar  circumstances  of  that  vast 
globe.  )Miatever  fanciful  poets  might  say  in  making 
the  Sun  the  abode  of  blessed  spirits,  or  angry  moralists 
devise  in  pointing  it  out  as  a  fit  place  for  the  punish- 
ment of  the  wicked,  it  does  not  appear  that  they  had 
any  other  foundations  than  mere  opinion  and  vague 
surmise;   but  now  I  think  myself  authorised,  upon 
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attronomical  principles,  to  propme  the  Sun  as  an  in- 
habitable world,  and  am  persuaded  that  the  foregoing 
observations,  with  the  conclusions  I  have  drawn  from 
them,  are  fully  sufficient  to  answer  every  objection 
that  may  be  made  against  it.' 

Herschel  proceeds  to  consider  the  objection  founded 
on  the  great  heat  which  here  at  a  distance  of  so  many 
millions  of  miles  we  receive  from  the  Sun,  and  the 
tremendous  nature  of  the  heat  which  consetjuently 
(one  would  suppose)  must  affect  the  imt^^ined  inhabi- 
tants of  the  Sun.  Our  admiration  for  the  greatest 
astronomer  of  modern  times  must  not  cause  us  to  lose 
sight  of  the  fact  that  the  reasoning  at  this  stage  of  the 
inquiry  is  founded  on  inexact  notions  of  the  nature  and 
laws  of  heat — though  not  such  ae  in  his  day  could  have 
been  unfavourably  commented  upon  by  most  physicists. 
He  remarks  that  the  Sun's  rays  are  '  the  cause  of  the 
production  of  heat  by  uniting  with  the  matter  of  fire 
which  is  contained  in  the  substances  that  are  heated.' 
He  then  instances  the  snow-covered  summits  of  lofty 
mountains,  and  the  cold  experienced  by  aeronauts ; 
and  he  concludes,  '  that  we  have  only  to  admit  that  on 
the  Sun  itself,  the  elastic  fluids  composing  its  atmo- 
sphere, and  the  matter  on  its  surface,  are  of  such  a 
nature  ae  not  to  be  capable  of  any  excessive  affection 
from  its  own  rays,  which  seems  indeed  to  be  proved  by 
their  copious  emission.' ' 

*  After  noting  other  pouible  objectioDs,  Sir  William  Heraebtl — vbo 
did  not  disdain  at  timn  to  be  oa  imiigiiiative  and  fapcifol  in  theoiiuBg 
as  ha  was  exact  And  serupaloDs  in  obierving— proceeds  to  Goasider  the 
powibilitj  th&t  the  inhabiLioti  of  the  Uoon  and  of  the  «atellit«a  of 
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In  a  later  paper  (communicated  to  the  Boyal 
Society  in  1801)  Sir  William  Herscbel  records  the 
results  of  further  observatioDa.  He  draws  special  at- 
tention to  certain  characteristic  features  of  the  Sun's 
surface.  These  are,  first,  corrugations,  which  he  re- 
gards as  elevations  and  depressions  causing  the  mottled 
appearance  of  the  Sun ;  secondly,  nodules,  or  smaller 
elevations  in  the  corrugations  themselves  over  which 
they  are  distributed  as  bright  spots ;  puncttdations,  or 
dark  spaces  between  the  nodules;  KaApores,  or  'darker- 
coloured  places  in  the  punctulations.  He  also  enters 
into  many  particulars  as  to  the  behaviour  of  spots, 
pores,  corrugations,  nodules,  and  so  on.  To  this 
valuable  paper,  as  to  the  other,  from  which  I  have 
quoted,  I  would  invite  the  attention  of  every  reader 

Jopitrt,  SUnrn,  and  Uranus,  regard  tbs  primaiy  orbi  raand  vhioh 
thejr  tmTel  u  janv  Bttractire  cfntres,  to  koep  togethtr  their  orbila,  to 
dinct  t-heir  ravolutioD  roand  the  Sun,  and  to  supply  thnn  with  redacted 
light  in  the  abaenm  of  direct  illtuni nation.  'Ought  wr  not,'  he  aake, 
'  to  condemn  their  ignorance,  aa  procBedinK  from  want  of  attention  and 
proper  reflection?  It  is  very  tr..e  thut  the  Earth  and  thoae  other 
planets  that  hare  aatallitM  about  them,  perform  all  the  offleos  that 
bars  been  named  for  the  inhabitants  of  these  little  globes ;  but  to  us, 
who  Uie  upon  one  of  these  planfts,  their  reasonings  cannot  but  appear 
Tei7  d-fectire,  when  we  see  «bat  a  magnificent  dwelling-place  the 
Earth  aSi>rdB  to  nnmberlcss  intelligent  beings.  These  considerations 
oogbt  to  make  the  inhabitADts  of  the  planvts  wiser  than  we  have 
sapposed  those  of  their  satellites  to  be.  We  surel;  onght  not,  like 
them,  to  aj,  '  The  Sun  (that  immense  globe,  whose  body  voold 
much  men  than  All  the  whole  orbit  of  the  Moon)  is  merelj  an  Httractive 
centre  to  ns.  From  experience  we  can  olSrm  that  the  performance  of 
the  moat  salnlnr;  ofBcea  to  inrerinr  planets  is  not  inconwstent  with  the 
<fignitj  of  snperior  purposes;  and  in  conseqoenoe  of  such  analogical 
reasooings,  assisted  by  telescopic  Tiewj,  which  plainly  faTour  the  same 
opinion,  we  need  not  hesitate  to  admit  that  the  Sno  is  richly  stO'ed 
with  inhabitHOls.' 
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interested  in  uolar  physics.  Here  I  shall  only  quote 
two  observations  bearing  on  the  {leriodicity  of  the  dis- 
turbances which  affect  the  Sun's  surface.  We  have 
seen  that  in  167 1  Cassini  had  for  a  long  time  noticed 
the  absence  of  Sun-spots.  But  on  July  5,  1795,  Sir 
William  Ilerschel  remarked  that  the  Sun  presented 
an  appearance  far  more  remarkable,  and  siuth,  he  re- 
marks, as  differed  wholly  '  from  what  he  had  ever  seen 
before.  There  was  not  a  single  opening  in  the  whole 
disc ;  there  were  no  ridges  or  nodules,  and  no  corruga- 
tions.' On  Decembers,  1798,  he  noticed  that  a  similar 
state  of  things  prevailed. 

We  may  sum  up  a»  follows  the  views  of  Sir  William 
Herschel  as  to  the  general  constitution  of  the  solar 
globe  and  surface : — He  supposed  the  Sua  to  be  au 
opaque  globe  surrounded  by  a  luminous  envelope.  He 
considered  that  this  envelope  is  neither  fluid  nor 
gaseous,  but  consbts  rather  of  luminous  clouds  floating 
in  a  transparent  atmosphere.  Beneath  this  layer  or 
envelo{>e  of  luminous  clouds  he  conceived  that  there 
floats  in  the  same  atmosphere  a  layer  of  opaque  clouds, 
rendered  luminous  on  the  outside  by  the  light  which 
they  receive  from  the  outer  layer.  These  opaque  clouds 
protect,  according  to  this  theory,  the  solid  and  rela- 
tively unilluminated  nucleus  of  the  Sun.  When  open- 
ings are  formed  in  the  same  region  in  both  layers  of 
clouds,  we  see  the  body  of  the  Sun  as  a  dark  spot.  If 
the  apertures  are  equally  large,  the  spot  will  be 
unifonnly  dark ;  but  if,  as  more  commonly  happens, 
the  outer  aperture  is  the  greater,  the  dark  nucleus  of 
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the  Bpot  will  seem  to  be  surrounded  by  a  dusky  bonier. 
If  the  upp'iF  layer  alone  is  perforated,  a  dusky  spot 
without  auy  dark  central  portion  makes  its  appt^nrance. 
Herscbel  supposed  that  those  spots  in  which  both 
layera  are  broken  through,  are  caused  by  an  uprush 
of  some  highly  elastic  gas  breaking  its  way  through 
the  lower  layer,  and  then,  after  expansion,  removing 
the  upper  self-luminous  clouds. 

AVe  shall  see  that  while  all  the  facts  observed  by 
Herscbel  have  been  confirmed,  and  while  his  reasoning,  ■ 
so  far  as  it  relates  to  observed  facts,  has  been  abun- 
dantly justified,  some   of  bis   hypotheses  have   been 
disproved  by  recent  observations. 

I  pass  on  next  to  the  researches  of  Sir  John 
Herscbel,  recorded  in  that  store-house  of  valuable 
facts,  the '  Bcsulteof  Astronomical  Observations  at  the 
South  Cajie.' 

Sir  John  HerBcbel's  observations  led  bim  to  pay 
particular  attention  to  a  feature  of  the  solar  surface 
which  had  been  fii-st  noted  by  GaMeo.  The  spots 
are  confined  to  two  definite  zones,  extending  about  35°* 
on  each  side  of  the  equator ;  an  intermediate  zone  to  a 
distance  of  some  8°  on  either  side  of  the  solar  equator 
being  ordinarily  free  from  spots.  Fig.  46  serves  to 
indicate  the  regions  where  spots  occur,  and  also  (where 

■  If  we  maj  trust  an  obsprration  of  Ls  Hire's  (which,  liowerer, 
Hr.  CTmringtoD,  than  vliom  no  higber  nuthorit)'  con  be  cil«l,  la  die- 
poted  to  reject],  a  spot  liaa  been  seen  a«  fnr  as  10''  iVom  the  Sun'a 
Fqantor.  Tn  IStS.  Dr.  Petpn,  of  Altona,  eav  a  spot  60°  hb'  from  the 
equator,  while  CarringtoD  and  Cnpocci  hare  etuih  seeD  epoli  about  45° 
from  that  einlf. 
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the  darkest  zones  are  shown)  those  regions  in  v 
spots  occur  most  frequent]}' 
and  attain  tiie  greatest  dimen- 
sions. The  Sun  is  so  placed 
in  the  four  views  as  to  bHow 
the  way  in  which  the  spot- 
belts  are  actually  presented —  I 
I.  early  in  December;  II.  early  I 
in  March ;  III.  early  in  June ; 
and  IV.  early  in  September. 
The  actual  dates  are  those 
indicated  under  the  several  fi- 
gures. I  shall  have  to  discuss 
further  on  those  researches  of 
Carrington  and  others  into 
the  laws  of  the  Sun's  rota- 
tion and  the  position  of  the 
solar  equator  *  on  which  tiiese 

■  It  ia  snrprisiiig  that  in  Lockjer'a 
MtmenltiTj/  Ltttoiit  of  Attrotunay,  not 
oalj  ore  pictaies  idniittid  in  whirh  Ilie 
effecU  of  thn  Son's  rnclioatioD  ore  allo- 
gethcr  exitggerHtrd,  but  the  iiuthor 
acFuaUy  stulfln  that  in  SepCember'  Aad 
March  (corrrBpondlng  to  figs.  3  and  i) 
the  pHths  of  the  spots  arc  obeerrn]  to 
b«  eharply  cnrred.  Thia  ia  the  more 
•atonishing,  because  when  that  book  va* 
published,  Hr.  Xjtck^er  had  long  brm 
aa  observer  of  Milar  phenomena;  and 
the  sligbt  DHtarc  of  the  cairature  is  a 
peculiarity  which  can  hurdly  escape 
notice,  even  tliongh  ohscrvalious  are 
continued  onlj  for  a  few  days  in  Sep- 
tember or  in  Hurcb. 
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dates  and  the  pTesentatiooB  shown  in  fig.  4fi  are 
founded. 

It  was  to  the  explanation  of  this  peculiarity  that  Sir 
John  HerBchel  directed  hie  chief  attention.  He  remarks 
that  the  very  existence  of  these  zones  '  at  once  refers 
the  cause  of  spots  to  fluid  circulations,  modified,  if  not 
produced,  by  the  Sun's  rotation,  by  reasoning  of  the 
very  same  kind  whereby  we  connect  our  own  system 
of  trade  and  anti-trade  winds  with  the  Earth's  rotation. 
Having  given  any  exciting  cause  for  the  circulation  of 
atmospheric  ffuide  from  the  poles  to  the  equator  and 
back  again,  or  vice  versd,  the  effect  of  rotation  will 
necessarily  be  to  modify  those  cnrrents  ae  our  trade- 
winds  and  monsoons  are  modified,  and  to  dispose  all 
tJioee  meteorolo^cal  phenomena  (on  a  great  scale) 
which  accompany  them  as  their  visible  manifestations, 
in  zones  parallel  to  the  equator  with  a  cahn  equatorial 
zone  interposed.'  Thus  far,  be  it  observed.  Sir  John 
Herschel  is  dealing  with  observed  facts,  and  pointing 
to  almost  inevitable  conclusions.  He  passes  on  (follow- 
ing in  this  respect,  as  in  so  many  others,  the  pro- 
cedure of  his  father)  to  hypothetical  considerations,  in 
dealing  with  the  question — Whether  any  cause  of  atmo- 
spheric circulation  can  be  found  in  the  economy  of  the 
Sun, '  so  far  as  we  know  and  can  comprehend  it  P ' 

He  is  thus  led  to  the  inquiry,  whether  a  transparent 
atmosphere  extends  beyond  the  luminous  surface  of 
the  Sun.  He  menttons  the  deficiency  of  light  at  the 
borders  of  the  visible  disc  of  the  Sun.  remarking  that 
this  feature  is  so  obvious  that  he  is  surprised  it  should 
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ever  have  been  controverted.  He  mentions  in  corro- 
bora^on  '  the  extraordinary  phenomenon  of  the  rose- 
coloured  solar  clouds  witnessed  during  the  total  eclipse 
of  July  8,  1842,  which  must  have  floated  in,  and  been 
sustained  by,  an  exterior  transparent  atmosphere.'* 
And  he  suggests  that  this  atmosphere  must  extend  to 
some  distance  beyond  the  visible  disc,  because  the 
darkening  of  the  solar  disc  is  not  limited  to  the  im- 
mediate neighbourhood  of  the  edge  but  extends  some 
distance  within  the  discf 

Assuming  the  existence  of  such  an  atmosphere,  the 
rotation  of  the  Sun  would  cause  the  outer  surface  of 
the  atmosphere  to  take  up  an  oblately  spheroidal 
figure,  the  least  axis  of  which  would  correspond  with 
the  polar  axis  of  the  Sun.  '  Consequently,  the  equatorial 
[Xtrtions  of  this  envelope  must  be  of  a^thickness 
different  from  that  of  tie  polar,  density  for  density,  so 
that  a  different  obstacle  must  be  thereby  opposed  to 
the  escape  of  heat  from  the  equatorial  and  the  polar 
regions  of  the   Sun.     The   former   therefore   ought, 

*  Wh«  Sir  John  Harachel  thus  vrtote,  lees  tliougtitful  astninomen 
vert  queitioniog  vhetber  thesa  promiaencM  belong  to  (he  SuD,  vhether 
thej  maj  Dot  b«  Inakr  mingda,  or  phenamsiu  of  the  Euth'e  atmo- 
sphere, or  Snollj,  whether  thej  have  aaj  eiiitaiice  at  aJL 

t  Thia  aigumeat,  hoverer,  is  not  Btrictl;  aoand.  The  ezteosion  of 
tbs  darkening  over  tha  disc  iodicates  uhnllowneu  rather  Uiso  depth. 
This  is  aagiljr  oeen,  if  wa  consider  that  vers  the  •(maepheie  indefiuib^lj 
deep,  tha  luminoBit;  of  the  dise  «oidd  be  QDifann.  In  (he  actual  case, 
of  conrBS,  the  acmo^here  tf  not  unifomilj  dense ;  bat  Btill  the  reasoD- 
ing  ii  analogooa,  and  tha  extension  of  the  darkenii^  over  (he  diae 
implies  abSillatruacs  rather  thiui  the  rererse;  Ihou^  not  the  same 
degree  of  shalloimess  u  vonld  folloir  in  the  cuae  of  an  atmosphere  of 
uniform  density. 
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according  to  tliifi  reasoning,  to  be  habitually  maintained 
at  a  different  temperature  from  the  latter,'  '  Tbe  spots,' 
adds  Sir  John  Herschel,' would  come, on  this  view  of  the 
enbject,  to  be  asdmilated  to  those  regions  on  the  Garth's 
surface  in  which,  for  the  moment,  hurricanes  and  tor- 
nadoes prevail — the  upper  stratum  being  temporarily 
carried  downwards,  displacing  fay  its  impetus  the  two 
strataofluminoa3matterbeneath(whichmay  be  concei- 
ved ae  forming  an  habitually  tranquil  limit  between  the 
opposite  upper  and  under  currents).  Hie  upper  of  course 
to  a  greater  extent  than  the  lower,  and  thus  wholly 
or  partially  denuding  the  opaque  surface  of  the  Sun 
below.  Such  processes  cannot  be  unaccompanied  by 
Torticose  motions,  which,  left  to  themselves,  die  away 
by  degrees  and  dissipate — with  this  peculiarity,  that 
their  lower  portions  come  to  rest  more  speedily  than 
their  upper,  fay  reason  of  the  greater  resistance 
below,  as  well  as  tbe  remoteuess  &om  the  point  of 
action,  which  lies  in  a  higher  region,  so  that  their 
centre  (as  seen  in  our  water^spouts,  which  are  nothing 
but  small  tornadoes)  appears  to  retreat  upwards. 
Now,  this  agrees  perfectly  with  what  is  observed  during 
the  ofaliteration  of  the  solar  spots,  which  appear  as  if 
filled  in  by  the  collapse  of  their  sides,  the  penumbra 
closing  in  upon  the  spot,  and  disappearing  after  it' 

With  «X\  deference  to  one  who  is  as  high  tm  authority 
in  meteorological  and  thennol<^icaI  questions  (which 
are  both  involved  in  this  matter)  as  in  astronomical 
matters,  I  must  venture  to  point  out  what  appears  to 
me  a  flaw  in  the  reasoning  by  which  an  excess  of  best 
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is  asBigned  to  the  solar  equator.  If  we  assume  that 
the  depth  of  the  solar  atmosphere  is  really  greater  at 
the  solar  equator,  then  we  cannot  hat  admit  as  an  in- 
eyitahle  sequel  th^t  this  atmosphere  checking,  as  it  does, 
(and  as  the  theory  itself  requires)  the  radiation  of  heat 
from  the  solar  equatorial  regions  to  a  greater  extent 
than  that  from  the  polar  regions,  would  cause  the 
former  regions  sH  observed  by  uB  to  appear  deficient 
in  heat-rays  (and  presumably  in  light-rays  also).  The 
deficiency  must  certainly  become  observable  if  the 
amount  of  heat  retained  in  this  way  were  adequate  to 
produce  the  effects  described  by  Sir  John  Herschel. 

I  am  not  endeavouring,  he  Jt  understood,  to  negative 
the  general  conclusion  to  which  Herschel  has  been  led, 
that  a  difference  of  condition  really  prevails  between 
the  equatoiial  and  polar  regions  to  a  degree  sufficing 
to  account  for  the  spot  zone  as  a  zone  of  solar  cyclones. 
Very  probably  this  difference  of  temperature  subsists, 
and  almost  certainly,  whatever  the  cause  may  be,  the 
spot  zone  is  a  zone  of  solar  tornadoes.  But  the 
imagined  action  of  a  deep  atmospheric  layer  over  the 
solar  equator  seems  incompatible  with  the  observed 
appearance  of  the  solar  disc. 

We  come  next  to  a  most  important  series  of  observa-  . 
tions  directed  by  Schwabe,  of  Dessau,  to  the  determina- 
tion of  the  laws  according  to  which  the  number  and  size 
of  the  solarspots  may  vary  from  time  to  time.  Such  at 
least  was  the  character  which  Schwabe's  researches 
eventually  assumed.  At  first  they  were  directed  to 
less  important  objects,  though  from  the  beginiuDg  the 
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observation  of  the  Sun  on  every  day  when  ita  face  can 
be  seen  formed  a  part  of  Schwabe's  plan.* 

HiB  observations  began  in  the  year  1826,  during 
wbich  many  spots  were  visible  from  time  to  time  upon 
tbe  Sun's  face;  indeed,  on  tbe  277  days  during  which 
ibe  weather  permitted  Schwabe  to  observe  the  Sun, 
there  were  but  twenty-two  on  which  no  spots  could  be 
seen.  In  tbe  next  year  there  were  even  more  spotu, 
and  only  two  days  when  none  were  seen.  In  the  next 
two  years  the  Sun's  face  was  not  on  any  day  seen 
without  spots.  In  1830  only  one  day  occurred  on 
which  no  spots  could  be  seen ;  in  1831,  only  three.  But 
in  1832  there  were  no  less  than  forty-nine  days  (out 
of  270  on  which  observations  were  made)  during  which 
no  spots  were  seen.  In  1833  there  were  139  such  days 
out  of  267 ;  in  1834,  120  out  of  273 ;  in  1835,  18  out 
of  244  ;  and  then  followed  four  years  during  which  not 
a  single  observing  day  occurred  on  which  no  spots  were 
visible. 

Scbwabe  recognised  even  at  this  early  stage  of  the 
inquiry  (only  twelve  years  having  as  yet  elapsed  since 
he  began  his  researches)  that  a  certain  periodicity 
marks  the  occurrence  of  Sun-spots,  or,  rather,  the  re- 
currence of  years  rich  and  poor  in  such  phenomena- 
It  is  true  that  as  he  had  noted  but  one  full  period,  it 
might  seem  that  he  had  absolutely  no  evidence  on 
which  to  ground  such  a  view.  But  in  the  observation 
of  periodic  variations,  there  are  other  features  besides 

*  '  I  went  oDt  like  Sani,'  he  sfterwiudd  uid, '  to  BMk  my  bther't 
MMs,  and  lo !  I  found  a  kiogdom.' 
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the  periodic  return  of  maxima  or  minima  to  guide  the 
experienced  observer.  The  progression  towards  and 
from  the  maximum  or  minimum  is  as  instructiTe  when 
carefully  watched  as  the  recurrence  of  many  maxima. 
The  observer  requires  only  to  assure  himself  that  this 
progression  possesses  certain  characteristics,  to  feel 
assured  that  he  is  dealing  with  no  accidental  relations, 
but  with  true  periodic  changes.  These  characteristics 
are,  chiefly,  a  steady  (not  uniform)  progression  from 
maximum  to  minimum,  and  vice  versa,  a  rapidity  of 
change  midway  between  maximum  and  minimum  as  com- 
pared with  the  rate  of  change  near  either  of  these  stages, 
and  a  certain  uniformity  of  character  in  the  progres^on 
towards  each  stage  (tliough  the  progression  from  mini- 
mum to  maximum  may  not  resemble  in  character 
the  return  towards  the  minimum).  These  charac- 
teristics Schwabe  noted,  and  he  felt  satisfied  that  the 
numerical  relations  of  the  solar  spots  vary  in  a  truly 
periodic  manner.  - 

But  he  felt  that  further  observations  were  necessary 
to  convince  the  scientific  world— always  slow  to  recog- 
nise new  truths,  or  to  accept  results  not  rendered 
palpable,  so  to  to  speak,  by  an  accumulation  of  evidence. 
He  laboured  on  therefore  for  twenty  more  years,  tra- 
cing the  gradual  increase  and  duninutioa  of  spots  in 
frequency  and  in  their  general  dimensions,  until  he  had 
completed  the  observation  of  no  less  than  three  comfJete 
oscillationB  from  maximum  frequency  through  mini- 
mum back  to  maximum  again.  It  began  to  he  felt 
that  Schwabe  was  establishing  his  case,  and  accordingly 


STUDY  OF  TBE  SUS'S  SURFACE.  I97 

the  sclentiBc  aocietiea  of  Earope  (somewhat  tardily,  it 
must  be  admitted)  accepted  tbe  result  which  Schwabe 
had  demonstrated, — viz.,  that  the  Bolar  spots  increase 
and  dimiDish  in  frequeocy  and  size  in  a  period  of  about 
ten  years.  The  following  remarks,  addressed  by  the 
Rev.  Mr.  Main,  then  President  of  the  Royal  Astrono- 
mical Society,  in  awarding  to  Schwabe  the  Society's 
Gold  Medal  for  1857,  justly  express  the  importance  of 
Schwabe's  researches: — 

'  What  the  Council  wish  most  empliatically  to 
express  is  their  admiration  of  the  indomitable  zeal  and 
untiring  enei^y  which  Herr  Schwabe  has  displayed  in 
bringing  that  research  to  a  successful  issue.  Twelve 
years  he  spent  to  satisfy  himself  ^  six  more  years  to 
satisfy,  and  still  thirteen  more  to  convince  mankind. 
For  thirty  years  never  has  the  Sun  exhibited  his  disc 
above  the  horizon  of  Dessau  without  being  confronted 
by  Schwabe's  imperturbable  telescope,  and  that  ap- 
pears to  have  happened  on  an  average  about  300 
days  a  year.  So  that  supposing  he  observed  but  once 
a  day,  he  has  made  9,000  observations,  in  the  course  of 
which  he  discovered  4,700  groups.  This  is,  I  believe, 
an  instance  of  devoted  persistence  (if  the  word  were 
not  equivocal,  I  should  say  pertinacity)  unsurpassed 
in  the  annals  of  astronomy.  The  energy  of  one  man 
has  revealed  a  phenomenon  which  had  eluded  even  the 
suspicion  of  astronomers  for  200  years.' 

Bat  even  after  these  thirty-one  years  of  labour, 
Si^wabe  continued  his  observations.  With  the  excep 
tion  of  a  few  weeks  during  which  he  was  unwell,  be  has 
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watched  the  Sun  aR  pertioaciously  as  ever  until  the 
present  time.  The  results  of  his  labours  (so  far  as  the 
question  of  the  periodicity  of  spot-frequency  is  con- 
cerned) are  included  in  tlie  table  on  the  next  page. 

The  careful  study  of  Schwabe's  results  (combined 
with  such  scattered  records  as  the  observations  of 
former  astronomers  supply)  has  led  Professor  Wolf, 
of  Zurich,  to  the  conclusion  that  a  period  of  11 -11  years 
(or  the  ninth  part  of  a  century")  is  indicated,  rather 
than  a  ten-yearly  period.  He  also  recognises  the 
existence  of  minor  periods..  'He  finds,'  says  Sir  John 
Herschel, '  that  a  perceptibly  greater  degree  of  apparent 
activity  prevails  annually,  on  the  average  of  months  of 
September  to  January,  than  in  the  other  months  of  the 
year;  and,  again,  by  projecting  all  the  results  in  a  con- 
tinuous curve,  he  finds  a  series  of  small  undulations 
succeeding  each  other  at  an  average  interval  of  7'65 
months,  or  0'637  of  a  year.  Now,  the  periodic  time  of 
Venus{225*),  reduced  to  a  fraction  of  a  year,  is  0-616, — 
a  coincidence  certainly  near  enough  to  warrant  some 
considerable  suspicion  of  a  physical  connection.'  A 
long  period,  estimated  at  about  fifty-six  years,  has  also 
been  suspected. 

The  most  cursory  examination  of  the  numbers  in 
the  table  given  in  the  next  page,  suffices  to'indicate  the 
peculiarity  that  the  progression  from  minimum  to 
maximum  is  more  rapid  than  the  progression  from 
■  maximum  to  minimum.  In  other  words,  if  we  regard 
the  periodic  changes  of  spot-frequency  in  the  light  of 
a  series  of  waves — the  maxima  corresponding  to  the 
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creste  of  the  waves  and  the  minima  to  the  'troughs ' — 
the  front  slope  of  each  wave  is  more  abrupt  than  the 
rear  slope. 

One  of  the  most  remarkable  of  the  resultfl  following 
Schwabe'8  noble  di3C0very  was  the  reeognition  of  an 
association  between  the  Sun-spot  period  and  magnetic 
disturbances  on  the  Earth. 

In  every  part  of  tiie  Earth  the  magnetic  needle  has 
at  any  given  epoch  a  certain  definite  position  about 
which,  under  normal  conditions,  it  would  oscillate  during 
the  day.  Both  as  regards  inclination  and  direction 
with  respect  to  the  compass-points  (called  the  magnetic 
declination),  this  position  may  be  regarded  as  determi- 
nate, at  least  for  every  fixed  observatory  ;  and,  further, 
the  intensity  of  the  needle's  directive  power,  tJiat  is, 
the  energy  with  which,  if  slightly  disturbed,  it  seeks  to 
recover  its  position  of  rest,  may  also  be  reg'arded  as 
determinate.  From  year  to  year  all  these  magnetic 
elements  undergo  change ;  but  with  these  changes  we 
are  not  here  concerned.*     Changes  of  a  much  more 

■  I  maj  note  liere  my  belief  that  the  recogoition  of  the  lawt  tifect- 
ing  the  secular  vajiation  of  the  !Earth'«  mogaettam  irould  be  simplified 
if  attention  were  primarily  directed  10  the  magnetic  liDee  detcrmiaed 
by  the  iacliDstion  of  the  needle,  inatMd  of  t»  those  which  depend  on 
the  intensity  of  the  dlractJTe  action.  Folly  admitting  the  weight  of 
General  Sabine's  arguments  as  tA  the  importance  of  the  intensity,  and 
as  to  its  being  the  more  essentially  mogCRtic  element,  as  it  were  (north 
and  south,  or  vertical  and  horizontal,  having  no  direct  relation  to  the 
Earth's  magnetic  forces),  I  yet  cannot  but  regard  the  inclination  u 
sfTording  the  more  trustworthy  means  of  determining  the  geographical 
features  (so  to  apeak)  of  tfrrestrial  magnetJam.  As  the  matter  is  of 
some  importance,  I  will  exhibit  the  reasons  on  which  I  found  this 
opinion,  leaving  others  to  judge  whetiier  Ibey  are  or  are  not  valid. 
The  intensity,  as  well  as  the  inclina^on  and  declination  (which  together 
fanu  0D«  magnetic  fiatura, — tile  poution  of  real),  is  doohtleeB  affected 
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minute  character,  aod  the  changes  affecting  these 
changes  are  what  we  have  at  present  to  deal  with. 
Each  day  the  needie  oscillates  gentiy  about  its  position 
of  rest,  the  oscillation  corresponding  to  a  very  slight 
tendency  on  the  part  of  that  end  of  the  needle  which 
lies  nearest  to  the   Sua  to   direct  itself  towards  his 

b;  local  circnmstaJiceE  ;  bo  that,  saperposed,  as  it  -were,  an  th«  Dormal 
intmutf ,  theie  is  sn  ioteDsitj  depsodiug  on  local  conditiaoa ;  and  so 
in  like  manner,  as  to  tbe  incliuatioa  and  decliDation.  Nov,  lt«  qnestim 
■rigea,  wliich  of  these  two  fentoreB  is  likely  to  bs  moet  aignijKaady 
affected  by  these  donbtlesB  alight  peculiaiitiea?  In  determining;,  for 
examplei  the  poeitioa  of  the  miifpietic  ^nator  and  poles,  with  reference 
to  intenaitj  or  inclination,  would  the  error  due  to  some  small  iuerement 
or  decrvmeat  of  intensity  cause  a  greater  or  less  dirergence  from  tbe 
tniB  potritioD  than  a  eorrespandingly  small  iacreiDent  or  decrement  of 
inclination  ?  Tbe  answer  is  obrious.  The  inteositj-equator  is  tbe  line 
of  minimum  intensity,  and  the  inteimity  poles  are  pointa  of  maximum 
intf^naity.  Near  a  minimum  or  a  maiimum,  qoaDtiliea  change,  Tery 
slowly,  and  thuB  a  veij  minitte  increment  or  decrement  would  largely 
■hilt  the  eBtimatad  place  of  minimum  or  maiimum  intensity.  But  a 
corresponding  increment  or  decrement  of  inclicalion  would  hare  no 
such  effect,  because  tbe  inclination  changes  as  quickly  near  the  inclina- 
(jon-equator  and  poles  as  on  any  incliuatioa -latitude. 

The  case  may  Aiirly  be  compared  to  the  determinatian  of  tbe  goo- 
graphical  equator  and  poles.  Undoubtedly  gtsTity  is  a  far  more 
esseDtiall}'  terrestrial  element  than  the  elevation  of  the  pole  star,  or  of 
the  true  pole  of  the  hearens ;  and  also,  undoubtedly,  the  Earth's  equator 
is  the  rrgion  where  grarity  is  least,  while  the  poles  are  regions  where 
gravity  is  fcTeatPsL  Yet  these  reasons  ars  not  connidered  sufGcieut  ti> 
induce  us  to  take  the  force  of  gravity  as  the  most  SHtisfactory  indicHtioa 
of  latitode,  or  to  lead  us  to  mark  down  as  the  true  eqautor  of  the 
Earth  that  line  along  which  careful  obserratJoa  ebows  that  grarity 
has  its  minimum  value.  We  know,  in  fact,  that,  however  excellent  the 
obsarvationa  might  be,  the  deduced  line  would  differ  very  importantly 
tma  tbe  true  equator. 

A  similar  oly'ection  may  be  urged  on  like  grounds  against  the  stress 
laid  on  tbe  position  of  the  line  of  no  declination  ;  since  from  the  very 
nature  of  this  line  minute  local  peculiarities  must  canse  enonnoos 
irregularities,  and  (when  coupled  with  secular  variations)  the  most 
lapid  and  remarkable  changes  of  flgnce. 
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place.  T)ie  daily  osciilation  is  itself  variable  in  a 
systematic  manner,  not  only  with  the  progress  of  the 
year,  but  with  that  of  the  lunar  month.  The  daily 
oscillation  also  varies  at  times  in  a  sudden  and  irregular 
manner.  The  needle  has  been  exhibiting  for  several 
weeks  the  most  perfect  uniformity  of  oscillation.  Day 
after  day  the  careful  observation  of  the  needle's  pro- 
gress has  revealed  a  steady  swaying  to  and  fro,  such 
as  may  be  seen  in  the  masts  of  a  stately  ship  at  anchor 
on  the  Bcarcc-h caving  breast  of  ocean.  Suddenly  a 
change  is  noted ;  irregular  movements  become  per- 
ceptible which  are  totally  distinct  from  the  regular 
periodic  oscillations,  A  magnetic  storm  is  in  progress, 
and  its  prt^ess  does  not  affect  only  tlie  place  of 
observation,  but  widely-extended  regions  of  the  Earth ; 
and  in  some  well-authenticated  instances,  these  magnetic 
vibrations  thrill  in  one  moment  the  whole  irame  of  the 
Earth, 

Lamont,  of  Munich,  was  the  first  to  announce  that 
these  magnetic  disturbances  attain  a  maximum  of 
frequency  in  periods  of  about  ten  years.  This  was  in 
1850.  Two  years  later  Genera!  Sabine  and  (in- 
dependently) Professors  Wolf  and  Gautier  noted  the 
coincidence  of  this  period  with  that  of  the  solar  spots. 
Of  course,  mere  coincidence  in  duration  was  not  the  sole 
circumstance  on  which  they  based  this  conclusion.  It 
was  the  coincidence  of  maximum  of  spot-frequency 
with  maximum  of  magnetic  disturbance,  and  of  mini- 
mum with  minimum,  which  enabled  them  to  assert  the 
true  correspondence  of  the  two  periods. 


D,Q,t,7=^-i>,  Google 


STUDY  OF  THE  SUyS  SURFACE.  203 

Wolf  subsequently  proved  that  the  period  of  mag- 
netic disturbances  has  the  length  of  1 1  *!!  years,  which 
he  had  assigned  as  the  correct  value  of  the  solar  spot 
period. 

A  relation  so  strange  might  well  excite  grave  doubts. 
Coincidences  have  so  oflen  misled  men  of  science,  and 
indeed  it  is  so  certain  in  the  very  nature  of  things  that 
misleading  coincidences  must  occur,  that  physicists 
■were  justified  in  requiring  further  evidence.  Such 
evidence  fortunately  was  not  wanting.  Independently 
of  the  continuance  of  obserTation  and  the  close  cor- 
respondence which  has  been  observed  during  the  past 
score  of  years  between  Sun-spots  and  magnetic  phe- 
nomena, an  occurrence  of  a  very  interesting  nature 
ser^'ed  in  1859  to  place  beyond  all  possibility  of  ques- 
tion the  influence  which  solar  action  exerts  upon  the 
Earth's  magnetism.  I  have  so  often  described  the 
occurrence  in  my  own  words  that  I  think  it  well  in 
the  present  instance  to  give  the  words  of  the  two 
telescopists  by  whom  it  was  independently  observed, 
especially  as  the  details  of  the  observation  have  re- 
cently been  called  in  question. 

On  September  1,1859,  Mr.  Carringtonwas  eng^ed 
in  taking  his  customary  observation  of  the  forms  and 
positions  of  the  solar  spots.  *  I  had  secured  diagrams,* 
he  says,  '  of  all  the  groups  and  detached  spots,  and 
was  engaged  at  the  time  in  counting  from  a  chrono- 
meter and  recording  the  contacts  of  the  spots  with  the 
crosa-wires  used  in  the  observation,  when  within  the 
area  of  the  great  north  group  (the  size  of  which  had  • 
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previously  excited  general  remark)  two  patches  of 
intensely  bright  and  white  light  broke  out'  in  the 
middle  of  the  group.  '  My  first  impression  was,'  he 
adds, '  that  by  some  chance  a  ray  of  light  had  pene- 
trated a  hole  in  the  screen  attached  to  the  object  glass, 
by  which  the  general  image  is  thrown  into  shade,  for 
the  brilliancy  was  fuUy  equal  to  that  of  direct  sun- 
light ;  but  by  at  once  interrupting  the  current  obser- 
vation, and  causing  the  image  to  move  by  turning  the 
right  asceitsioQ  handle,  I  saw  I  was  an  unprepared 
witness  of  a  very  different  aflhir.  I  thereupon  noted 
down  the  time  by  the  chronooieter,  and  seeing  the  out- 
break to  be  very  rapidly  on  the  increase,  and  being 
somewhat  flurried  by  the  surprise,  I  hastily  ran  tc 
call  some  one  to  witness  the  exhibition  with  me, 
and  on  returning  within  60  seconds,  was  mortified 
to  find  that  it  was  already  much  changed  and  en- 
feebled. Very  shortly  afterwards  the  last  trace  was 
gone,  and  although  I  maintained  a  strict  watch  for 
nearly  an  hour  no  recurrence  took  place.  The 
spots  had  travelled  considerably  from  their  first 
position,  and  vanished  as  two  rapidly  fading  dots  of 
white  light  The  instant  of  the  first  outburst  was 
not  fifteen  seconds  different  from  lib.  18m.  Green- 
wich mean  time,  and  1  lb.  23m.  was  taken  for  the  time 
of  disappearance.  In  this  interval  of  five  minutes, 
tiie  two  spots  traversed  a  space  of  about  35,000  miles. 
It  was  impossible  on  first  witnessing  an  appearance  so 
similar  to  a  sudden  conflagration,  not  to  expect  a  con- 
siderable result  in  the  way  of  alteration  of  the  details 


D,r,,t,7=^-i>,  Google 


STUDY  OF  THE  SUN'S  SURFACE.  205 

of  the  gronp  in  which  it  occurred ;  and  I  wbs  certainly 
Burpriaed,  on  referriiig  to  the  sketch  which  I  had  care- 
fullj  and  Batiafactorily  (and  I  may  add,  fortunately) 
finished  before  the  occurrence,  at  finding  myself  un- 
able to  rect^nise  any  change  whaterer  as  having  taken 
place.  The  impression  left  upon  me  is  that  the  phe- 
nomenon .  took  place  at  an  elevation  considerably 
above  the  general  surface  of  the  Sun,  and  accordingly 
altogether  above  and  over  the  great  group  in  which  it 
was  seen  projected.  Both  in  figure  and  position  the 
patches  of  light  seemed  entirely  independent  of  the 
configuration  of  the  great  spot,  and  of  its  parts,  whether 
nuclena  or  umbra.' 

Mr.  Hodgson's  account  (written  before  he  had  '  ex- 
changed any  information '  with  Mr.  Carrington)  runs 
as  fc^ws : — '  While  observing  a  group  of  spots  on 
September  1, 1  was  suddenly  surprised  at  the  appear- 
ance of  a  very  brilliant  star  of  light,  much  brighter 
than  the  Sun's  surface,  most  dazzling  Ut  the  protected 
eye,  illuminating  the  upper  edges  of  the  adjacent  spots 
luid  streaks,  not  unlike  in  effect  the  edging  c^  the 
clouds  at  sunset ;  the  rays  extended  in  all  directions ; 
and  the  centre  might  be  compared  to  the  dazzling  bril- 
liancy of  the  bright  star  Alpha  Lyrte  when  seen  in  s 
targe  telescc^e  with  low  power.  It  lasted  for  some  five 
minutes,  and  disappeared  instantaneously,  about  lib. 
25m.  A.M.'  It  seems  probable  that  whereas  two  spots 
were  seen  by  Mr.  Carrington,  who  observed  the  solar 
image  projected  on  a  screea,  these  were  blended, 
owing  b>  their  extreme  brilliancy,  into  the  semblance 
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of  a  single,  spot  when  observed  in  the  telescope  itself 
by  Mr.  Hodgson. 

At  the  moment  when  the  Sun  vras  thus  disturbed, 
the  magnetic  instruments  at  Kew  exhibited  those 
signs  which  indicate  the  occurrence  of  a  magnetic 
storm.  '  It  was  found,'  says  Dr.  Balfour  Stewart) 
'  that  a  magnetic  disturbance  had  broken  out  at  the 
verj  moment  when  this  singular  appearance  had  been 
observed.'  But  this  was  not  alL  A  m^netic  storm 
never  rages  without  accompanying  signs  of  disturbance. 
Auroras  in  both  hemispheres,  and  the  interruption  of 
magnetic  communication  all  over  the  Earth,  are  the 
signs  of  a  great  magnetic  storm.  Both  these  evidences 
of  great  disturbance  were  afforded  during  the  hoars 
which  followed  the  solar  outbreak  witnessed  by  Car- 
rington  and  Hodgson.  Vivid  auroras  were  seen  not 
only  in  both  hemispheres,  hut  in  latitudes  where 
auroras  are  very  seldom  witnessed.  Even  in  Cuba  the 
sky  was  illuminated  by  the  auroral  radiance.  Strong 
earth-currents  were  observed  along  telegraphic  Unea, 
and  these  currents  continually  changed  their  direction, 
while  all  the  time  the  magnetic  needles  in  fixed  ob- 
servatories were  kept  markedly  on  one  side  of  their 
normal  position.  *  By  degrees/  says  Sir  John  Hers- 
chet,*  '  accounts  began  to  pour  in  of  great  auroras  seen 

*  I  haTe  been  canfnl,  it  vill  be  noticed,  to  qnote  the  vorda  of  macj 
authorities  io  dealing  vith  thii  matter.  The  account  I  give  in  mj 
OlAer  WorUU  than  Ouri  boa  been  csTilled  at  1^  the  CsTiliui  ProfsBsor 
of  AjtroDDmy  as  if  it  had  been  based  on  imagination ;  ao  that  I  hare 
thought  it  ■weW.  to  te-emmine  the  records  and  atatementa  from  which 
that  acecHiDt  vai  really  taken  (though  b;  the  aid  of  tnemoiy  iaat«Ml  •£ 
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OD  the  nights  of  those  days,  not  only  in  these  latitudes 
but  at  Kome ;  in  the  West  Indies ;  on  the  tropic^ 
within  18°  of  the  erjuator  (where  they  hardly  ever 
appear) ;  nay,  what  is  still  more  striking,  in  South 
America  and  in  Australia, — where,  at  Melbourne,  on 
the  night  of  September  2,  the  greatest  aurora  ever 
seen  there  made  its  appearance.  These  auroras  were 
accompanied  with  uousually  great  electro-magnetic 
disturbances  in  every  part  of  the  world.  In  many 
places  the  telegraphic  wirea  struck  work.  They  had 
too  many  private  messages  of  their  own  to  convey. 
At  AVashington  and  Philadelphia,  in  America,  the 
telegraphic  signal-men  received  severe  electric  shocks. 
At  a  station  in  Norway,  the  telegraphic  apparatus 
was  set  fire  to ;  aud  at  Boston,  in  North  America,  a 
flame  of  fire  followed  the  pen  of  Bain's  electric  tele- 
graph (which  writes  down  the  message  upon  chemically' 
prepared  paper).' 

It  is  demonstrated  then  that  some  association  exists 
between  the  disturbance  of  the  solar  photosphere  and 
the  phenomena  of  terrestrial  magnetism.  What  the 
nature  of  the  association  may  be  is  not  so  clearly  ap- 
parent. We  have  seen  that  the  solar  spot  period  has 
been  supposed  to  be  associated  by  Wolf  with  the  mo- 
tions of  the  planets,  and  we  shall  presently  see  that  the 
phenomena  of  spots, — as  their  change  of  form  and  of  size, 
the  regions  in  which  they  appear,  and  so  on, — have  been 

tnoKription).  Alihongh  Bevenl  yean  had  e1ftp«ed  smce  I  read  thoM 
•Utuaeou,  I  do  Dot  find  that  myaccowit  nqnindGOTTeotionuiaaiii^ 
MMatial  paiticul&r. 
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conceived  to  depend  on  the  planetary  motions.  If  these 
tiews  be  correct,  ve  should  have  to  account  for  laiva 
of  Maociation  between  the  planetary  motions,  terres- 
trial magnetism,  and  solar  epotg.  But  which  of  these 
three  orders  of  phenomena  should  he  regarded  as  the 
cause  of  the  others ;  or  whether  the  a^Bociation  be  of  the 
nature  of  cause  and  effect,  and  not  rather  due  to  some 
as  yet  unknown  common  cause  of  the  two  latter  classes 
of  phenomena ;  or  whether,  finally,  the  planetB'  motions, 
without  being  the  direct  cause  of  the  other  phenomena, 
yet  indirectly  brings  them  about,  remains  to  be  de- 
termined.* 

Let  us  next  turn  to  Mr.  Carrington's  researches, 
intimately  associated  with  Schwahe'a,  and  among  the 
most  important  of  all  the  contributions  which  have 

■  I  wonld  point  out,  howerer,  that  fht  CDiuid«nitioD  of  tli*  asso- 
cistinn  here  discussad  led  Oenersl  Sabiae,  Frofsasoi  Challii,  and  Dr. 
Steirart  to  inquire  whethei  the  coloured  promiceQceE  of  the.  Sun  111B7 
notbedae  to  solar  surona.  Since  wenowkoowthattlMpPoDiineiicesirB 
not  of  tbij  nature,  may  we  not  transfer  tbe  Buggestion  to  the  wdu- 
coroDa  and  the  lodiaca]  light?  Maj  not  these  be  the  tma  aoUr 
■arorati?  The  latter,  at  any  nte,  gires  tlje  same  spectniDi  aa  the 
aurora,  and  the  former  gives  a  Hpectrum'  doselj'  analogoug.  If, 
as  Qearral  Sabine  auggests,  an  auroral  oufbumt  in  the  Sun  '  may 
perhaps  he  reeponded  to  simultaneous!}- b;  (he  different  planets,  so  that 
the  whole  Bolar  system  wonld  s«em  to  thrill  almost  tike  a  lirine  bwng 
under  the  magnetic  excitement,'  it  seems  at  least  probable  that  the 
solar  auroras  would  extend  to  distancee  enonuDnBl;  exceeding  those 
axsigned  them  when  the  promiaencei  were  takes  to  be  such  anratas- 
Aud  as  we  hare  abuttdant  OTidence  that  terrestrial  anroiu  occur  whera 
tbe  atmosphere  has  an  inconceivable  rarity,  it  would  seem  possible 
that  under  the  enormous  action  of  the  Sua,  even  the  quasi-vacuum  of 
the  interplanettLrj  spaces  might  he  tnvened  by  electrical  discharges. 
The  meteoric  ajsteniB  occupying  more  or  less  densely  tlie  whole  of 
these  qiacee,  would  SMm  to  afford  the  requisite  duuuMl  for  tlui  •lectric 
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been  made  in  recent  times  to  our  acquuntance  frith 
Bolar  physics. 

The  object  to  which  Mr.  Carrington  npecially 
devoted  hia  energies  was  tlie  endeavour  to  detect 
regularity  in  the  distribution  of  the  spots,  the  determi- 
natioQ  of  the  true  period  of  rotation  of  the  body  of  the 
Sun,  and  the  detectioa  of  '  Bystematio  movements  or 
currents  of  the  surface,  if  such  existed  in  a  definable 
manner.'    In  these  researches  he  perfectly  succeeded. 

It  would  be  desirable  if  space  permitted  to  describe 
Carrington*a  method  of  observation,  and  the  exact  and 
systematic  processes  by  which  he  deduced  his  results. 
I  must  be  content,  however,  so  far  as  these  points  are 
concerned,  to  refer  the  curious  reader  to  Carrington's 
voluminous  and  masterly  treatise,  in  which  also  will  be 
found  an  interesting  account  of  the  results  obtuned 
by  former  observers.  Here  I  have  room  only  for  the 
conclusions  to  which  he  was  led  by  bis  series  of  obser- 
vations, which  commenced  in  the  year  1853  and  ended 
in  the  year  1861. 

He  discovered,  in  the  first  place,  that  the  discrepan- 
cies between  the  values  formerly  deduced  for  the 
Sun's  rotation,  arise  from  real  differences  in  the  velo- 
rilies  with  which  the  spots  move  in  different  solar 
latitudes.  Near  the  equator  a  spot  moves  at  a  rate 
indicating  a  more  rapid  rotation  than  in  higher  latitudes. 
Further,  even  among  spots  in  the  same  latitude,  proper 
motions  may  be  recognised.  These  latter  motions  are 
to  be  regarded,  however,  as  abnormal,  and  simply 
rendering  unreliable  such  observatioDS  as  are  made  on 


D,Q,t,7=^-i>,  Google 


but  a  few  spots.  The  peculiarities  ftlFectiog  the  motions 
of  Bpota  in  different  latitudes  have  been  reduced  hj 
Mr,  Carrington  iuto  a  formula.*  The  following  table 
gives  the  observed  rates  of  rotation  for  different  lati- 
tudes (the  formula  being  based  on  these  values) : — 

Baa'*  rotAtlon-peiiatL  ILoticJcn  per  d^. 

Ofg.  d.      h.     m.  n. 

27     10     41 


0  Equator 
6S.Let.t 


45 


24 

23 

IR 

if, 

ai> 

26 

13 

81 

2fi 

17 

A2 

2« 

SO 

28 

11 

0 

769 


*  This  fomuU  U  m  follows :— Let  {  be  tbe  angle  through  which  a 
part  of  the  Sod  in  latitode  K  rotatra  ia  one  daj,    Then 

I  -  140  26'-  las'wntA. 
Sporer  giree  the  fonnaU 

t  -  16°'84T5  -  S°'3812  (liD  X  -f  41°  I7f). 

f  It  is  remarkable  that  in  all  ■onthera  latitudes  the  obserred  daily 
mean  rotation  is  lees  thiin  in  the  correepondiiig  uortLerti  latitudee.  It 
is  doubtful  whether  we  hare  in  this  relation  an;  indication  of  the  true 
cause  of  the  obserTod  variatioaa  in  the  rate  of  rotation,  or  nerplj  a 
peculiarity  which  would  bare  disnppf'Bred  in  a  longer  series  of  obscrTH- 
tions.  In  faroor  of  the  fomier  view,  we  have  the  consideration  that 
the  determinalion  for  esch  southern  as  well  as  for  each  Dorthem  lati- 
tude was  independently  effected,  so  that  the  coincidenefi  of  tha  resolta 
indicates  the  exiHtence  of  some  real  cauie.  If  Sir  John  Hencbrl  is 
right  in  eonsidenng  that  the  more  rapid  rotation  near  the  solar  equator 
implies  the  action  of  external  matter  in  maintaining  the  rotation  of  the 
photoephers,  it  may  he  suggestfd  tbut  the  northem  surface  of  the  Sun 
being  direetad  somewhat  more  fully  towaida  that  i^on  whither  the  Stin's 
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I  shall  have  occasion  to  dwell  further  on  upon  the 
si^Dificance  of  the  varying  rotation-period  deduced  for 
difTerent  aolar  latitudes.  This  result  of  Mr.  Carrington's 
labours  cannot  but  be  regarded  as  one  of  the  most  im- 
portant contribuUons  recently  made  to  our  knowledge 
of  solar  physics. 

Sporer  has  re-examined  the  whole  subject,  taking 
into  account  later  observations,  and  in  particular  those 
which  have  been  made  by  Fr.  Secchi.  The  following 
table  includes  the  general  elements  of  the  solar  rota- 
tion as  deduced  by  Carrington  and  Sporer,  and  reduced 
by  Secchi  to  the  year  1869: — 


El™»U 

CHiingtcia 

^Atotr 

Lon^itode  of  nod«  of  solar  rqiutoi 
Diunwl  rototioo 

73»67' 

7    15 
14   18 
26*- 88 

7*°  37' 
6  67 
14   2fl'6* 
25^2340 

(Xo  weight  can  be  attached  to  the  last  two  decimal 
figures  in  Sporer's  value  of  the  diurnal  rotation  and  the 
rotation  period.)  In  fig.  46  the  Tarying  presentation 
of  the  Sun  towards  the  Earth  on  account  of  the  inclina- 
lion  of  hia  equator  to  the  Earth's  orbit  ia  exhibited  as 

proper  motion  !■  caTrjing  him  (see  tbe  conduding  chapter  of  tliis  work, 
and  the  illmtiBtire  cuU),  would  probabl;  b«  more  eipoaed  to  ths  infln- 
«iiee  of  thi«  eitemal  action — '  the  frietionit  impoUe  of  circulating 
pUnetat;  malter  ia  process  of  snbsidence  into,  and  nbsorptioa  by, 
the  MDtral  bodT* —  much  as  our  northern  hemisphere  it  sainted 
with  a  larger  numbM  of  nateoHe  mieailee  from  June  to  December, 
when  the  northern  hemisphere  ia  ia  advance,  tiiBo  from  December  to 
Jime,  when  this  hemisphere  is  toward*  tbe  mora  shellered  aide  of  die 
Euth. 
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exacdj  as  possible.  On  or  about  December  6,*  the 
Earth  crosses  the  plane  of  the  Sun's  equator  (passing 
southwards ),  and  then  the  Sun  is  presented  as  at  i,  flg. 
46.  Three  months  later,  the  Earth  reaches  her  greatest 
distance  south  of  the  solar  equator,  so  that  on  or  about 
March  6  the  Sun  is  presented  as  at  II.  On  about 
June  5  the  Earth  again  crosses  the  plane  of  the 
solar  equator,  this  time  passing  northwards,  and  the 
Sun  is  presented  as  at  iii.  Lastly,  on  about  Sep- 
tember 5,  tlie  Earth  reaches  her  greatest  distance 
north  of  the  solar  equator,  and  the  Sun  is  presented  as 
at  IV. 

The  oheerrations  of  Schwabe  and  Carrington  have 
been  continued,  under  improved  conditions,  by  De  La 
Eue,  Stewart,  and  Loewy.  The  powers  of  photography, 
under  the  able  superintendence  of  Mr.  De  La  Rue, 
have  been  applied  to  secure  records  of  the  aspect  of  the 
solar  disc  on  every  clear  day.  But  independently  ot 
the  valuable  series  of  records  thus  obtained,  the  thi-ee 
pbysiciets  above  named  have  undertaken  a  careful  scru- 
tiny, not  only  of  the  solar  photc^raphs  taken  at  Cran- 
ford  and  afterwards  at  Kevr,  hut  of  the  observations 
made  by  former  students  of  the  solar  surface.  Accumu- 
lating a  vast  mass  of  records,  they  have  applied  pro- 
cesses of  statistical  research  to  educe  any  information 

*  The  dato  for  any  ysar  can  alwaji  be  determiDed  from  the  aliufiiiiie. 
It  IB  odIj  necraaoFy  to  note  «hea  Uie  Suq'b  longilnde  ia  ISO°  +  tbo 
longiluda  of  node  of  She's  equator  (aay  180°  +  7*°,  or  254").  Ia  liks 
manaer,  the  Earth  ia  agsia  in  the  plnns  of  the  solar  equator  when  the 
Sun's  longitude  ia  about  71°.  The  aolar  longitude  ia  pna  for  each  daj 
in  Hanna^t  Almanac,  in  tha  last  eolamo  of  the  fint  pag«  for  each 
noulb. 
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respecting  the  Sun,  which,  though  in  reality  contained 
in  obeervations  already  made,  may  not  lie  at  or  even 
near  the  surface.* 

Id  the  three  papers  by  De  La  Rue,  Stewart,  and 
Tjoewj,  entitled '  Researches  on  Solar  Physics,'  we  find 
an  extension  and  elaboration  of  the  modes  of  research 
employed  by  Wilson,  Schwabe,  and  Wolf.  Where 
Wilson  inquired  into  the  behaviour  of  individual  spots, 
our  three  allies  discuss  the  peculiuities  presented  by 
hundreds  of  spots.  Where  Schwabe  discussed  the 
number  of  new  groups  of  spots,  they  consider  the  area 
of  the  spotted  portion  of  the  Sun's  surface.  And,  lastly, 
where  Wolf  examined  the  evidence  which  the  nume- 
rical statistics  respecting  spots  afford  in  favour  of  the 
theory  that  the  planets  exert  an  influence  on  the  solar 
envelopes,  De  La  Rue  and  his  colleagues  inquire  into 
the  bebavioui'  of  individual  spots  as  they  approach  or 
cross  the  region  towards  which  the  several  planets  lie, 
they  examine  the  general  distribution  of  spots  as  re- 
spects proximity  to  the  equator  under  certtua  circutn- 
stances  of  planetary  position,  and  by  discovering  other 
like  peculiarities  they  obtain  evidence  altc^ther  dis- 
tinct in  character  from  that  adduced  by  Professor 
Wolf. 

Taking  first  the  question  whether  the  umbrae  of  spots 
are  below  the  level  of  the  photosphere,  the  inquirers 
examine  605  observed  cases  of  spots  having  measurable 

"  It  ii  &  promising  aiga  of  progress  when  atadenU  of  sciencs  airs  thus 
willing  to  dlacnss  UieUboursof  othensswdlMtheiT  owOi  undaterMd  bj 
the  feu  of  being  called  men  theorists. 
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penumbree,  and  the^  find  that  while  in  Beventj-iiTe  in- 
gtancea  the  penumbra  is  equal  on  both  sides  (referring 
to  Dr.  Wilson's  mode  of  dealing  with  the  question),  in 
456  instances  the  penumbra  was  widest  on  the  side 
nearest  the  limb,  while  in  seventy-four  the  penambra 
was  narrowest  on  that  side.  Hence  the  percentage  of 
favourable  instances  is  75*37  ;  of  unfavourable  cases, 
12-23;  and  of  neutral  cases,  12-40.*  This  seems  to 
place  the  existence  of  a  real  depression  beyond  question ; 
while  at  the  same  time  it  demonstrates  the  truth  of 
what  Carrington  has  said  respecting  Wilson's  obser- 
valions, — that '  there  is  more  variety  in  the  appearances 
than  Wilson  confesses  to,  and  there  are  marked  depar- 
tures from  his  description  of  form,  which  is  rather  one 
specific  type  out  of  several  which  might  be  adduced, 
and  will  be  familiar  to  every  one  when  photography 
has  furnished  us  with  forms  on  which  all,  whether 
observers  or  not,  may  rely.'  I  would  invite  the 
special  attention  of  the  reader  at  this  point  to  Plate  I., 
where  Mr.  Browning  has  delineated  a  case  in  which 
two  spots  close  by  each  other  exhibit  altogether  dif- 
ferent characteristics,  one  agreeing  widi  Dr.  Wilson's 
description,  the  other  presenting  an  opposite  peculiarity. 
I  was  much  struck  with  the  great  variety  observable 
in  this  respect,  when  I  was  drawing  the  picture  which 

*  Id  the  Bnearciei  tlie  nentnl  iDstancM  vn  not  taken  into  Mtonut, 
and  thue  the  percentage  of  faTonrable  cases  becomes  86'04,  and  liiBt  of 
QnfBTouiBble  c&KS  13'96.  Bat  the  njection  of  Dentral  cases  is  not  in 
accordance  irith  the  accepted  nilps  for  dealing  witb  soch  matters.  I 
can  discorer  no  tmton  for  making  an  nzceptian  in    this  paiticniar 
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illustrates  this  chapter  (Plate  II.),  though  the  lov 
power  I  emplojed  did  not  permit  me  to  see  the  minuter 
details  of  the  spots.* 

Next,  investigating  the  relative  position  of  spots  and 
their  accompanjing  faculse,  our  inquirers  find  that  out 
of  1,137  spots,  584  have  their  faculse  either  wholly  or 
mostly  on  the  left — that  is,  behind  them,  as  respects 
the  motion  of  solar  rotation,  508  have  the  facnlie  nearly 
equally  on  both  sides,  while  only  forty-five  have  their 
faculie  mostly  on  the  right.  '  The  most  natural  ex- 
planation of  this  would  be,'  they  say, '  that  the  faculw 
of  a  spot  have  been  upliiled  from  the  very  area 
occupied  by  the  spot,  and  have  fallen  behind  to  the  left 
from  being  thrown  up  into  a  r^on  of  greater  velocity 
of  rotation.' 

Thirdly,  they  attack  the  following  question ; — *  Is  a 
spot,  including  both  umbra  and  penumbra,  a  pheno- 
menon which  takes  place  beneath  the  level  of  the  Sun's 
photosphere  or  above  it?'  They  note  in  evidence  on 
this  matter,  that  there  are  many  instances  in  which 

"  The  tclesc^ie  I  empli^ad  vm  t,  very  imall  ones  ttbont  2^  inchw  in 
aperture.  I  used  tn  ordinuy  erecting  eye-jrieee,  h&Ting  a  power  of 
fibout  36.  Thus  sren,  the  Sun  appeared  in  the  middle  of  a  large  Bald, 
uid  I  could  acarcelj  Iwre  believed  that  I  ihonld  Iwvo  b««D  able  to 
reeogniae  the  feaCuret  I  hud  m«o  with  laiger  teleacopes  Mid  higher 
paver*.  I  had  nevei:  before  examined  the  Sun  irith  ao  low  a  power  (for 
four  jeaia  before  the  day  on  whiiih  the  deeign  tor  Plate  II.  waa  drawn  I 
had  bad  few  opportuaitiea  for  obMrratJon),  and  it  was  witlt  a  a«nM  of 
considemble  pleaiore  that  I  found  the  familiar  feature!  coming  clearlj 
into  view  aa  I  atmCinieed  the  tiny  image  more  and  more  aearchingly.  I 
found  mjself  able  to  eomprehnid  better  than  ever  before  how  Oalileo 
with  his  amall  talaaeope  and  low  power  ^30)  hud  been  able  b>  detect  ao 
manj  featuiea  of  the  Sun'a  aurfice. 
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*a  bridge  of  laminoaB  matter  of  the  same  apparent 
luminosity  ae  the  Borrounding  photoaphere^  and  unac- 
companied by  any  penumbra,  appears  to  cross  over  the 
umbra  or  centre  of  a  spot,'  Detached  portions  of 
luminoua  matter  are  also  seen  at  times  to  move  across 
a  spot  vithout  producing  any  permanent  alteration. 
'  On  these  accounts,*  say  the  inquirers, '  we  are  disposed 
to  think  that  a  spot,  including  both  umbra  and  penum- 
bra, is  a  phenomenon  which  takes  place  beneath  the 
level  of  the  brighter  part  of  the  Sun's  photosphere.* 
Summing  up  the  results  of  this  portion  of  their 
researches,  they  express  their  belief  that, — 

1.  The  umbra  of  a  spot  is  nearer  the  Sun's  centre 
than  die  penumbra,  or,  in  other  words,  it  is  at  a  lower 
level. 

2.  Solar  facnin,  and  probably  also  the  whcde  pho- 
tosphere, consist  of  solid  or  liquid  bodies  of  greater  or 
leas  magnitude,  either  slowly  sinking  or  suspended  in 
equiUbrium  in  a  gaseous  medium. 

3.  A  spot  including  both  umbra  and  penumbra 
is  a  phenomenon  which  takes  place  beneath  the  level 
of  the  Sun's  photosphere. 

As  respects  the  sequent  series  of  researches  by 
which  Messrs.  De  La  Rue,  Stewart,  and  Loewy  have 
endeavoured  to  estimate  the  influence  of  the  planets 
upon  the  solar  spots,  it  is  to  be  remarked  that  the 
evidence  adduced  seems  as  yet  not  wholly  decisive. 
They  believe  that  it  has  been  rendered  probable  that 
Venus  exerts  a  special  influence  on  the  solar  spots, 
and  that  the  conjunctions  of  the  planets  also  affect 
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importantly  the  conditjon  of  the  solar  photosphere. 
There  is  room,  in  my  judgment,  for  some  douht  aB  to 
the  justice  of  either  condusion.  It  abonld  not  be 
forgotten  that  the  planetary  syatem  presents  so  many 
periodic  relations  as  to  render  it  almost  cert^n  that 
any  obeerred  periodic  changes  in  the  Sun's  condition 
may  be  associated  Btatistically  with  some  period  of 
planetary  motion— Bidereal,  Bynodical,  nodical,  or  other- 
wise.* There  ia  a  remark  towards  the  close  of 
Carrington's  Tolume  on  the  solar  spots,  which  bears 
very  significantly  on  this  subject  AAer  exhibiting 
the  relation  between  the  phenomena  of  the  solar  spots 
(as  tabulated  by  Professor  Wolf)  and  Jupiter's  varia- 
tions of  distance,  he  says,  that  'from  the  year  1770, 
there  is  a  very  fair  agreement  between  maxima  of 
frequency  and  nuxima  of  Jupiter's  radius  vector,  and 
between  minima  and  minima;'  .  .  .  but  *in  the  two 
periods  which  precede  that  date  there  appears  to  be  a 
total  dis^;reement*  *  It  is  important,*  he  then  adds, 
'  to  see  before  us  an  instance  in  which  eight  consecutive 
cases  of  general,  but  imperfect  agreement,  between  the 
variations  of  two  physical  phenomena,  are  shown  to  be 
insufficient  to  base  any  conclusion  upon,  at  the  same 
time  that  they  powerfully  stimulate  further  inquiry 
with  the  view  of  ascertaining  whether  the  discrepancy 
may  admit  of  future  explanation.' 

*  I  waa  moch  strack  with  this  bet  when  pemsiDg  a,  Tsloiibls  eontri- 
'bntion  ^  Profewoi  Kiikwood  to  the  snlgMt  of  pUtMtorf  infineoces  on 
■oUr  phenoni«D&.  His  iong  experience  in  deaiing  vith  Buch  matten 
tnalilra  him  to  exhibit  rslatiaii  after  relatioQ,  each  ihoving  a  remaric- 
■Uj  clow  ^cemeDt,  u  Mapecti  period,  with  periodic  tolu  pheDomena. 
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I  would  by  no  means  be  understood  to  imply,  how- 
ever, that  I  regard  the  conclusions  of  Messrs.  De  La 
Kne,  Stewart,  and  Loewy,  respecting  the  influences 
exerted  by  the  planets  on  solar  phenomena,  as  inadmis- 
sible.  On  the  contrary,  I  regard  them  aa,  on  the 
whole,  the  most  probable  yet  advanced.  Based  sa 
they  are  on  obserred  facts  and  on  statistical  relations, 
they  are  worthy  of  the  moat  attentive  consideration. 
They  do  not  seem  to  me,  however,  to  be  by  any  means 
demonstrated,  nor  are  they  so  regarded  ^it  is  proper 
to  add)  by  their  propoundera. 

It  remains  only  that  I  should  indicate  in  a  general, 
and  necessarily  brief  manner,  those  features  of  the  Sun's 
surface  which  recent  observations  have  revealed  to  us. 

Let  me  begin  with  the  famous  '  willow-leaves.'  It 
was  announced  by  Mr.  Nasmyth  in  1862  that  the 
pores  seen  in  the  solar  photosphere  are  '  polygonal  in- 
sterstices '  (I  quote  Sir  John  Herschel'e  account)  '  be- 
tween certain  luminous  objects  of  an  exceedingly 
definite  shape  and  general  uniformity  of  size,  whose 
form  (at  least  as  seen  in  projection  in  the  central 
portions  of  the  disc)  is  that  of  the  oblong  leaves  of  a 
willow-tree.  These  cover  the  whole  cUsc  of  tlie  Sun 
(except  in  the  space  occupied  by  the  spots)  in  countless 
millions,  and  lie  crossing  each  other  in  every  imaginable 
direction.*  The  appearance  of  the  Sun,  according  to 
this  view,  is  exhibited  in  6ga.  47  and  46,  both  of  which 
are  from  drawings  by  Mr.  Xasmyth. 

This  announcement  led  to  a  controversy  which  still 
remuns  undecided.     Mr,  Dawes  asserted  his  belief 
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that  no  such  interlaciDg  as  Mr.  Nasmyth  described  is 
ever  observable  among  the  small  bright  spots  which  lie 
scattered  over  the  general  ground  of  the  photosphere ; 
that  these  spots  can  in  no  sense  be  said  to  resemble 
willow-leaves,  though  they  present  every  variety  of 
figure  anil  size ;  and,  lastly,  Uiat  they  had  been  long 
known  to  solar  observers,  and  are,  in  fact,  no  other  thaa 
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the  noduUa  of  Sir  William  Herschel.  '  The  only 
situation,'  he  wrote,  *in  which  I  have  usually  noticed 
them  to  assume  anything  like  the  shape  of  willow- 
leaves,  is  in  the  immediate  vicinity  of  considerable 
spots,  on  their  penumbr»,  and  frequently  projecting 
beyond  it  for  a  small  distance  on  to  the  umbra, — an 
appearance  with  respect  to  which,  in  April  1852,  I 
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used  the  following  expressions : — "  The  interior  edge  of 
the  penumbra  frequently  appears  extremely  j^ged; 
the  bright  ridgea  on  its  surface,  which  are  directed 
nearly  towards  the  centre  of  the  spot,  being  seen  pro- 
jected to  irregular  distances  on  to  the  cloudy  stratum 


Sau'spols,  fbowiog  penambral  rills.    {Stochi.) 

(or  umbra),  and  looking  much  like  a  piece  of  coarse 
thatching  with  straw,  the  edge  of  which  has  been  left 
untrimmed."  After  nearly  twelve  years  of  careful 
observation  of  the  same  phenomena,  I  do  not  think 
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that  I  could  improve  upon  this  descriptiou.'  The 
appearance  here  deecribed  will  be  recognised  in  Mr. 
Browning's  drawing  (Plate  I.) ;  it  is  also  observable  in 
figB.  49  and  dO. 

Other  tiBtronomers  now  joined  in  the  discussion. 
Messrs.  Stone  and  Dunkin,  of  Greenwich,  asserted  that 
with  the  fine  equatorial  of  that  observatory,  luminous 
spuls  shaped  like  rice-grains  could  be  seen,  and 
that  these   spots,  hj  overlapping,  produce  the  dark 


UluBtratiug  the  morkingl  of  tlie  peaumbne  uf  spots.    {Capocri,) 

pores.  Fr.  Secchi  described  the  appearance  of  the 
luminous  sjiots  as  resembling  strokes  made  with  a 
camel's-hur  pencil.  He  described  them,  in  fact,  in 
terras  closely  according  with  those  employed  by  Mr. 
Dawes.  Dr.  Hugg^ns  speaks  of  these  luminous 
objects  (or  granules,  as  he  calls  them)  as  certainly  not 
interlacing  on  the  general  surface  of  the  photosphere. 
Fig.  51  represents  a  view  of  a  portion  of  the  Sun's  disc 
as  seen  by  him.  It  will  be  noticed  that  if  this  view  is 
held   at    a  considerable  distance   from   the   eye   the 
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general  aspect  corresponds  closely  Trith  the  mottled 
appearance  presented  by  the  Sun  in  telescopes  of 
moderate  power.* 


A  ponioD  uf  thr  wilar  lurfkce,  Bhuwing  gronuleit.    (Hvgiiini.) 

Other  obaerrere  agree  with  Mr.  Naemyth,  who 
adheres,  I  helieve,  to  his  original  opinion.     As  r^ards 

*  In  draviDg  Piste  U.  wiib  th*  low  power  nod  smiill  apertnra 
deicribrd  at  p.  215, 1  was  struck  witb  the  perCeet  iliatinctDeBs  of  Ibis 
mpUliag  all  oTCi  th*  diac 
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the  assertion  that  Sir  William  Herschel  had  loDg  since 
recognised  these  objects,  it  is  of  course  to  be  rejected 
or  accepted  according  as  Mr.  Nasmyth's  opiaion  as  to 
the  real  nature  of  the  objects  is  confirmed  or  confuted. 
If  there  really  is  the  interlacing  he  speaks  of  on  the 
general  surface  of  the  Sun,  then  undoubtedly  he  a  the 
discoverer  of  the  phenomenon,  for  Sir  William  Her- 
schel nowhere  speaks  of  any  such  i^pearance  (to  my 
recollection,  at  least).  Sir  John  Herschel,  too,  deaU 
with  Naemyth's  observation  as  undoubtedly  new  and 
also  as  of  unmistakable  interest  and  importance.* 

*  Let  mehere  quote  Sir  JohnHerschel'BiicoaiiiitofNaBmTtb'awillo*^ 
leaf  theory,  parti  j  on  aconmt  of  iu  liraliDeu  and  graphic  eleamrsi, 
ptutlj  for  the  sake  of  his  mflectioni  on  the  enlitject : — '  llete  leares,  or 
Bcalw,  are  not  arranged,'  he  says,  'in  any  order  (a«  those  of  a  butter- 
fly'ti  wings  are),  bat  lie  doeBiog  one  unother  in  all  directions,  likp  vhiit 
are:calle<l  spillB  in  the  gums  of  apillikins;  except  at  the  borders  of  a 
spot,  irhrre  they  point  for  the  most  part  inwunli,  tonrds  the  middle  of 
the  spot,  presenting  much  the  sort  of  appearance  that  the  smsll  Umrn 
of  some  vatpr-planta  of  sea-wwds  do  at  the  edge  of  a  deep  hole  of  clear 
-water.  The  eiceedlngly  definite  shape  of  these  objedn ;  their  azact 
fimilority  one  to  another;  and  the  way  in  which  they  lie  across  and 
athwart  each  other  (except  where  they  form  a  sort  of  bridge  across  a 
spot,  in  which  ctwe  they  seem  to  affect  a  common  directjun,  that,  nninely, 
of  tbe  bridge  itself) — all  these  cbaraclen  seem  quite  repngnant  to  the 
notion  of  their  being  of  A  vaporons,  a  cloudy,  or  a  fluid  nature.  Nothing 
remuDS  but  to  consider  them  as  separate  and  independent  sheetSi  flakes, 
or  scales,  having  some  sort  of  solidity.  And  these  flakes,  be  they  what 
they  may,  and  whatever  may  be  said  about  the  dashii^;  of  meteorio 
etones  into  the  Sim's  atmosphere,  etc,ire  evidently  the  t>nniafia(«  somes 
of  flu  aolar  lighl  and  keat,  by  whnterer  mecbanism  or  wbaterei  proeesses 
they  may  be  enabled  to  derelope,  and  hS  it  were  elaborate,  these  elements 
from  the  bosom  of  the  non-luminous  fluid  in  which  they  appear  to  float. 
Looked  at  in  this  point  of  view,  we  cannot  refuse  to  regard  Ihem  as 
oryanumu  of  some  peculiar  and  amazing  kind  ;  and  though  it  would  be 
too  daring  tJ)  speak  of  such  organisation  as  partaking  of  the  tulore  of 
lite,  yet  we  do  know  that  vital  action  is  competent  to  develope  at  ones 
beat,  and  light,  sod  electricity.    These  wonderful  objects  have  been 
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Before  leaving  the  subject  of  the  willow-leftvee,  I 
most  quote  one  of  the  latest  obaervationB  bearing  <hi 
this  subject.  On  April  13, 1669,  Secchi  noticed  that  over 
the  whole  of  a  large  spot  and  its  neighbourhood,  there 
were  multitudes  of  leaves,  and  that  a  bridge  across  the 
spot  was  formed  of  elongated  leaves.  The  leaves  in 
the  neighbourhood  of  the  spot  were  oval,  the  greater 
diameter  about  three  times  the  less — thus,  -^^  'like 
the  leaves  of  the  olive  and  certain  talicet.'  He  says, 
*  What  are  these  things  ?  There  are  veils  of  the  most 
Fro.  S2. 


intricate  structure.  The  spot  has  a  third  nucleus  in 
which  are  the  leaves  seen  in  the  drawing  (fig.  52),  all 
arranged  in  a  radiating  manner,  precisely  like  a  crys- 
tallization of  sal-atomoniac  seen  by  means  of  the  solar 
microscope — attached  to  a  stalk  (lingua).  It  is  clear 
that  the  rest  of  the  nucleus  is  due  to  the  rarefaction  of 

Been  b;  othen  as  veil  sa  by  Mr.  NsspiTth,  ao  that  there  ia  do  room  to 
donbt  of  their  reaLty.  To  be  eeea  at  all,  boverer,  eveairith  thetugheat 
magDifying  poiren  ooi  teleacopes  vill  bear  when  applied  to  tbe  San, 
they  can  hardly  be  Imb  than  a  thouuad  milea  in  length,  and  tiro  or  three 
hundred  in  bnttdth.'  So  that  if  tbeee  things  are  solar  iohabitaDts 
whose  fiery  constitntion  enableB  them  to  illnminaU',  warm,  and  electri- 
cise  the  whole  solar  lyitem,  they  are  not  wanling  in  that  evidence  of 
might  which  gigantic  aize  atTordg.  Truly,  Hilton's  picture  of  him  who 
f  II  the  flrea  of  Hell '  lay  floating  many  a  rood,'  seems  tame  and  common- 
place compured  with  Herachel's  conception  of  these  Boiitii^  monstera, 
the  least  coTering  a  grtam  space  than  the  British  Islands. 
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There  cannot  be  a  shadow  of  a  doubt  c 


Buch  leaves, 
this  matter.' 

On  April  14,  the  spot  in  which  Secchi  had  obser\-ed 
these  singular  objects  presented  the  appearance  de- 
picted in  fig.  53.    '  It  was  in  a  marvellous  condition,' 
Pio.  68. 


auu-Bpot  uburved  ou  April  14,  1869,  bj  Seccbi 

says   Secchi, '  full  of  bridges,  arcs,  stalks,  and  leaves, 
like  the  great  spot  of  1866.'* 

*  jVmiorta  III.  tugli  iptitri  prumalici  de'  eorpx  eduti.  Secchi  U8ign!< 
the  foUoinDg  dimenBione  Ui  this  temiirkable  groop : — 

Total  diameter  in  length         ....        2'    fl7"-5 
Diameter  of  the  two  principal  nuclei  .        0'    aS'-TS 

Breadth  of  tJlB  apot ff    42"-03 

Breadth  of  the  nucleus 0'    23"-70 

Brondth  of  the  bridge 0'      Tao 
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The  dificovery  by  Dawes  that  within  the  umbra,  or 
what  was  formerly  called  the  nucleus  of  every  fully- 
developed  spot,  there  exists  a  darker  region,  or  (bo  far 
as  telescopic  research  has  yet  gone)  a  true  nucleus,  not 
only  opens  a  new  iield  for  speculation,  but  renders  the 
interpretation  of  the  phenomena  before  rect^ieed 
altogether  more  difficult.  By  using  a  solar  eye-piece 
of  his  own  invention,  in  which  the  field  of  view  was  so 
contracted  as  to  exclude  even  the  light  from  the 
penumbrse  of  large  spots,  he  detected  in  the  stratum 
which  had  before  been  regarded  as  black, '  a  mottled 
appearance — the  degree  of  darkness  being  by  no  means 
uniform,  and  suggesting  the  idea  that  the  surface  is  far 
from  level,  the  lighter  parts  being  probably  the  most 
elevated,  and  feebly  reflecting  tlie  light  received  from 
the  self-luminous  strata  above  it  ..  In  all  spots  which 
are  tolerably  symmetrical,  and  large  enough  to  admit 
of  accurate  scnifiny,  this  umbra  will  he  found  to  be 
perforated  near  its  centre  by  a  perfectly  black  hole, 
which  is  to  he  regarded  as  the  true  nucleus.' 

From  the  researches  of  Fr.  Secchi  it  would  ap- 
pear as  though  the  imibral  portion  of  lai^e  spots  were 
formed  of  luminous  matter  which  is  undergoing  a 
continual  process  of  dissipation  towards  its  interior 
edge.  He  compares  the  process  to  the  gradual  dissi- 
pation of  cumulus  clouds  under  the  heat  of  a  summer 
Sun,  and  regards  the  umbra  as  of  the  nature  of  a  veil 
of  clouds  ;  the  nucleus  as  a  region  where  an  intenser 
heat  has  caused  these  clouds  to  melt  away.  Within 
spots  such  as  these  be  has  recognised  the  presence  of 
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coloured  matter,  which  he  compares  to  the  coloured 
envelope  whence  the  promineccea  sprmg ;  and  it  was 
partly  on  account  of  his  having  noted  such  appearances 
that  he  pronounced,  so  far  back  as  1860,  his  conviction 
that  an  envelope  of  this  coloured  matter — the  chromo- 
sphere of  the  next  chapter — aurrounds  the  whole  globe 
of  the  Sun.  These  appearances  have  been  noticed  also 
by  other  observers.  Mr.  Lockyer  has  recognised  the 
gradual  disappearance  of  portions  of  luminous  matter 
(as  if  by  subsidence  in  some  semi-transparent  medium) 
in  the  nmbne  of  large  spots ;  while  the  presence  of 
various  tints  of  red  within  the  spots  has  been  noticed 
also  by  Schwabe,  Capocci,  Schmidt,  and  other  ob- 
servers. 

The  processes  of  formation,  enlargement,  and  dis- 
appearance of  spots  are  well  worthy  of  study;  and 
although  no  regular  law  has  been  detected  in  their 
succession,  we  can  yet  recognise  certain  distincnve 
features  ordinarily  belonging  to  each  stage  of  develop- 
ment. The  formation  of  a  spot  is  usually  preceded  by 
the  appearance  of  faculie.  Then  a  dark  point  makes 
its  appearance  which  increases  in  size,  the  penumbral 
fringe  being  presently  recognised  around  it,  and  the 
distinction  between  the  umbra  and  the  penumbra  being 
well  defined.  The  same  clearness  of  definition  con- 
tinues ordinarily  antil  and  after  the  spot  has  reached 
its  greatest  development.  But  when  the  spot  is  about 
to  diminish,  there  is  a  change  in  this  respect.  The 
edges  seem  less  sharp,  and  an  appearance  is  presented 
as  though  tiiere  floated  over  them  a  luminous  cloud- 


D,Q,t,7P-i>»  Google 


STUDY  OF  THE  SUN'S  SURFACE.  229 

veil,  brighter  in  some  places  'Sbxn  in  others,  and  not 
mtfrequently  attaining  a  brightness  which  seems  to 
exceed  even  that  of  the  faculES.  At  certain  parts  of  the 
spot'it  circumference,  this  bright  matter  projects, 
hiding  the  whole  width  of  the  penumbra  and  forming 
a  sort  of  cape  or  promontory,  with  sharply  serrated 
edges,  singnlarlj  well  defined  t^ainst  the  dark  back- 
ground of  the  umbra.  It  is  usually  in  this  manner 
that  the  formation  of  a  bridge  begins,  two  promontories 
on  opposite  sides  of  a  spot,  or  even  on  the  same  side, 
joining  their  extremitieB,  bo  as  to  form  either  a  bridge 
of  light  across  the  umbra,  or  a  curved  streak  having 
both  its  extremities  on  one  side  of  the  spot.  But 
indeed  no  strict  law  or  sequence  has  yet  been  assigned 
to  these  processes  of  change.  In  a  large  spot  the 
wildest  and  most  fantastic  variations  will  take  place, 
and  often  when  the  spot  seems  approaching  the  stage 
of  disappearance,  it  will  seem  to  renew  ita  existence,  as 
though  fi-eah  forces  were  at  work  in  disturbing  the 
region  it  belongs  to. 

Some  of  the  processes  of  change  which  take  place  in 
large  spots  are  very  well  exemplified  in  fig.  54,  where 
the  drawings  1  to  4  show  the  successive  changes  of 
appearance  presented  by  the  great  spot  of  1865,  from 
October  7,  when  it  was  on  the  Sun's  eastern  limb, 
until  October  Ifi,  when  it  had  passed  the  central  part 
of  the  disc.  These  drawings  were  made  by  the  Rev.  Mr. 
Hewlett,  one  of  onr  most  enthusiastic  solar  observers, 
and  specially  skilled  in  the  delineation  of  San  spots. 
Were  not  bis  accuracy  beyond  all  question,  it  would  be 
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The  gwat  San-spoCof  186S,  from  Oct.  7  to  Oct  18,    (Ifowhil.) 
worth  while  to  denote  the  fact  that  on  October   16, 
Chacomac  made  a  drawing  of  the  same  spot,  oorre- 
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spondiDg  ao  closely  with  4,  fig.  54,  that  one  might  well 
suppose  the  two  drawings  were  tracings  from  one 
picture.*  The  reader  will  be  prepared  to  examine  with 
so  much  the  greater  confidence  the  interesting  picture 


Fucula  Dear  n  Suo-gpot.    (Chacemae.) 

of  a  spot  with  the  surrounding  faculs  (iig.  55),  drawn 
by  M.  Chacomac.  He  will  recognise  also  the  close 
correspondence  between  the  appearance  of  the  region 

■  UufortuQstelj  such  extreme  occoiacy  of  delineation  is  not  otdi- 
parily  to  be  met  witli  among  lolar  obwrren. 
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around  this  spot  and  Sir  William  Herschers  descrip- 
tion of  the  faculffi  (p.  180). 

We  owe  to  Mr.  Dawes  the  detection  in  certain 
spots  of  a  rotatory  motion,  as  though  these  regions 
wete  the  scene  of  some  tremendous  solar  tornado.  A 
spot  of  enormous  dimensions  was  observed  by  him  to 
have  rotated  through  half  a  complete  circuit  in  the 


A  spot  preBBnting  the  appearance  of  cyclonic  motion.     {SetchL) 

course  of  about  six  days.  Other  spots  have  exhibited 
an  even  more  rapid  motion,  and  the  spectroscopic 
observations  made  by  Mr,  Lockyer  on  parts  of  the 
Sun  near  the  limb  (where  such  cyclonic  motions  would 
necessarily  involve  a  rapid  motion  towards  and  froin 
the  eye)  seem  to  place  beyond  question  the  existence 
of  solar  tornadoes  having  a  velocity  of  40  or  50,  in 
some  cases  even   120  miles  per  second.     So  that  wc 
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need  no    loDger  regard  (with    Sporer)    the  whirling 
appearance  noticed  in  the  accompanying  drawing  by 
Fr.  Secchi  (fig.  56)  as  due  to  optical  illnsion. 
I  The  immense  dimeneiona  of  some  spots  well  deservex 
thoughtful  consideration.     When  we  rememher  that  | 
the  least  spot  which  could  be  perceived  with  the  most  \ 
powerful   telescope   must  have   an   area  of  at  least . 
SOjOOO   milee,  it  will  be   understood   how  enoiinoua 
these  spots  must  be  which  have  been  distinctly  visible 
to  the  unaided  eye.*      But  we    have    trustworthy  1 
meaaurements  to  refer  to  in  this  matter.     Pastorff,  in  I 
1828,  measured  a  spot  whose  umbra  had  an  extent 
four  times  greater  than  the  Earth's  surface.  In  August  ^ 
1859,  a  spot  was  measured  by  Newall  which  had  a 
diameter  of  58,000  miles — that  is,  exceeding  more  than  ' 
seven  times  the  diameter  of  our  Earth.     But  spots  of  I 
even  greater  dimensions  have  been  observed.     lu  June 
1843,  a  spot  was  visible,  which,  according  to  Schwabe's  ^ 
measurements,  had  a  length  of  no  less  than  74,^16  ' 
miles.     On  March   15,  1658,  observere  of  the  great  I 
eclipse  had  the  good  fortune  to  witness  the  passage  of 
the  Moon  over  a  spot  which  had  a  breadth  of  107,520 
miles.     It  was  in  the  same  year  that  the  largest  spot 
of  any  whose  records  have  been  handed  down  to  us, 
was  visible  upon  the  solar  disc.     It  had  a  breadth  of 
more  than  143,500  miles ;  so  that  across  it  no  less 
than    dgbteen  globes  as  large  as  our   Earth   might 
have  been  placed  side  by  side.     At  a  very  moderate    \ 

■  Of  the  groupB  shown  in  Plate  11.  three  were  risible  to  the  naked 
eye,  the  largest  of  them  (nenr  the  centre)  being  quile  conspicuous. 
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compatation  of  the  depth  of  this  solar  cavity,  it  may  / 
be  assumed  that  the  mass  of  100  earths  such  as| 
OUTS  would  barely  have  sufficed  to  fill  it  to  the  level } 
of  the  solar  photosphere.    S 

During  the  past  two  years  mauy  spots  and  groups 

of  enormous  extent  have  been  noticed.     Those  shown 

in  Plate  II.  may  be  cited  ae   instances;  but  others 

fully  as  large  have  lately  been  observed. 

I  The  rapidity  with  which  some  spots  have  changed' 

I  in  figure,  or  even  wholly  disappeared,  woald  be  wholly. 

incredible  were  it  not  that  astronomers  of  the  highest 

repute  for  accuracy  have  supplied  the  records  of  such 

I   changes.     Dr.  WoUaston  says : — '  I  once  saw  with  a 

I  12-inch  reflector   a  spot  which  burst  in  pieces  as  I 

^  was  looking  at  it.     I  could  not  expect  such  an  event, , 

and  therefore  cannot  be  certun  of  the  exact  particu- 

'  lars ;  but  the  appearance,  as  it  struck  me  at  the  time, , 

r  was  like  that  of  a  piece  of  ice  when  dashed  on  a  frozen 

pond,  which  breaks  in  pieces  and  slides  on  the  surface , 

in  various  direcdons.'*     Biela  also  notes   that  spots, 

disappear  sometimes  almost  in  a  single  moment.     The  , 

converse  of  such   a  change   has   been  witnessed  by 

'  Krone,  who    observed    a   spot   of  no   inconsiderable  i 

I  dimensions  which  sprang  into  existence  in  less  than  a  ^ 

I  minute  of  time.     On  one  occasion  a  momentary  dis- ' 

,  traction  caused  Sir  William  Herschel  to  turn  away  his ' 

•  Of  course  this  description  refers  only  to  the  app«ar«nee  whjch 
the  spota  ordinarily  present,  of  being  rpal  bodies  rather  than  openinp. 
What  Wollaflton  has  described  as  the  brooking  up  of  a  spot  inlQ 
pieces,  must  in  realitj  be  looked  upoa  in  all  probability  as  the 
sudden  charge  of  a  single  whirlstorm  into  a  number  of  smaller  ooes. 
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(eyes  from  a  group  of  spots  he  was  observing.  Whenf 
I  he  looked  again  the  group  had  vaniBhedl  / 

In  this  place  I  shall  not  enter  into  the  discuBsion  of 
the  nature  of  the  B[x>ts — a  matter,  indeed,  on  which  at 
present  it  is  very  dilBcult  to  form  an  opinion.  It  has 
been  mj  purpose  in  this  chapter  to  consider  rather  the 
evidence  which  has  been  adduced  respecting  the  solar 
surface  than  the  physical  theories  put  forward  in 
explanation  of  that  evidence. 

Two  points  remain,  however,  to  be  briefly  touched 
upon. 

The  first  is  the  evidence  supplied  by  the  spectro- 
scope respecting  the  spots.  It  is  evident  that  by 
bringing  a  spot  under  the  slit  of  the  spectroscope  in 
the  way  described  at  the  close  of  the  preceding 
chapter  (see  fig.  35)  it  becomes  possible  to  institute 
a  direct  comparison  between  the  spectrum  of  the 
-nmbra,  penumbra,  and  surrounding  faculie.  If  any 
lines  belonging  to  the  ordinary  solar  spectrum  dis- 
appear in  these  regions,  or  if  new  lines  make  their 
appearance,  we  can  at  once  become  cognbant  of  the 
fact,  because  we  see  the  spectra  of  these  regions 
simultaneously.  In  like  manner  we  can  determine 
whether  any  change  takes  place  in  the  character  and 
appearance  of  any  solar  line — for  instance,  whether  it  is 
wider  or  narrower  in  the  spectra  of  certain  regions,  or 
whether  it  changes  into  a  bright  line.  Now,  fig.  57 
will  illustrate  the  peculiarities  which  make  their  ap- 
pearance when  a  spot  is  brought  in  this  way  under 
examinatioQ.     Here  the  length  of  the  spectrum  (only 


n,r,i,7-i>,  Google 


236  TH£  SUN. 

a  small  portion  of  irhicli  is  ehown  in  the  figure),  is 
horizontal,  so  that  the  vertical  lines  are  the  dark  lines 
of  the  spectrum.  The  horizontal  lines  indicate  the 
regions  of  the  apectmm  corresponding  to  those  parts 
of  a  spot  where  a  general  absorption  takes  place.  It 
will  be  seen  that  where  this  general  absorption  is  suffi- 
cient only  to  produce  a  degradation  of  brilliancy,  all 
the  lines  in  this  part  of  the  spectrum  are  visible.     The 

Fio.  67. 


IlluBtratiDg  thfl  changes  in  oeitain  linea  in  the  spectra  of  Sao-Bpots. 

F  line  (belonging  to  hydrogen)  is,  however,  peculiarly 
affected  across  the  whole  region  of  the  spot.  At  the 
upper  and  lower  extremity  we  see  it  of  its  normal 
width,  while  over  all  the  remaining  breadth  of  the 
spectrum,  except  two  small  portioDS,  it  is  much  broader 
and  has  shaded  edges.  In  one  place  it  is  bent ;  along 
another  part  of  its  length  a  narrow  line  of  light  is  seen 
to  be  almost  centrally  placed  upon  it ;  and  lastly  in 
two  places  it  appears  bright  and  irregularly  shaped. 
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Now,  the  facts  here  noticed  (first  observed  I  believe 
bj  Mr.  Lockyer,  and  confirmed  by  Dr.  Huggins,  Fr. 
Secchi,  and  Professor  Young)  are  thus  (probably)  to 
be  interpreted.  Beginning  with  the  top  of  the  line  f 
in  fig.  57,  we  have  first  the  normal  black  line  show- 
ing that  in  the  part  of  the  Sun  included  within  the 
uppermost  part  of  the  slit,  the  hydrogen  is  in  its 
ordinary  condition  as  respects  temperature.  It  a  leas 
heated  than  the  matter  whence  the  main  portion  of  the 
solar  light  is  radiated,  and  so  absorbs  that  portion  of 
the  light  which  it  has  itself  the  power  of  radiating. 
Next  we  come  to  a  bright  hydrogen  line  of  the  normal 
width  on  a  shaded  background.  The  corresponding 
part  of  the  Sun  (that  is  the  part  next  below  the  former 
within  the  slit)  is,  then,  either  somewhat  reduced  in 
temperature,  or  else  partially  covered  by  generally  ab- 
sorbing matter,  over  which  there  is  a  layer  of  hydn^en 
at  the  normal  pressure,  but  more  heated  than  the  radiat- 
ing  region  below.  Hence  in  this  place  the  hydrogen 
radiates  more  light  than  it  absorbs,  and  the  line  f  is 
rendered  relatively  bright  Next  is  a  region  where 
the  hydrogen  line  ia  atiU  bright  but  very  much  wider. 
Over  the  corresponding  portion  of  the  Sun,  therefore, 
the  hydrogen  not  only  exists  at  a  higher  temperature 
but  at  a  greater  pressure.  Then  we  come  to  the 
widened  dark  line,  indicating  that  over  the  corre- 
sponding portion  of  the '  Sun  there  is  hydrogen  at  a 
relatively  low  temperature  and  at  an  abnormally  high 
jiressure.  The  bend  towards  the  red  end  of  the  spec- 
trum indicates  that   the  corresponding  portion  of  the 
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hydrogen  envelope  is  moving  from  the  eye,"  or,  in  other 
■words,  that  there  is  in  this  part  of  the  Sun  a  do^vnnisfa 
of  hydrogen.  Where  we  see  a  relatively  bright  line 
superposed  on  the  relatively  dark  one,  we  learn  that 
above  the  compressed  hydrogen  at  a  relatively  low 
temperature  there  is  a  layer  (or  tongue,  or  prominence) 
of  more  heated  hydrogen.  While,  lastly,  where  we 
see  the  pointed  dark  line  close  to  the  bottom  of  the 
figure,  we  learn  that  above  hydrogen  as  heated  as  the 
general  radiating  substance  of  the  Sun,  there  is  the 
usual  layer  of  hydrogen  at  lower  temperature,  very 
shallow  where  the  line  is  pointed,  but  deepening 
within  a  short  distance  to  ita  normal  condition. 

Along  a  narrow  strip,  then,  crossing  the  width  of  a 
solar  spot,  all  these  varieties  of  condition  are  thus 
recognisable.  Kor  is  hydrogen  the  only  element  whose 
lines  exhibit  such  peculiarities.  The  lines  of  sodium, 
magnesium,  barium,  and  other  elements,  have  been 
observed  to  exhibit  similar  indications  of  violent  action, 
rapid  motion,  and  remarkable  changes  of  pressure.  But 
perhaps  the  most  striking  of  all  the  phenomena  revealed 
by  the  spectroscope  is  the  occurrence,  in  the  spectra  of 
large  spots,  of  lines  and  bands  corresponding  to  those 
due  to  the  presence  of  aqueous  vapour  in  our  own 
atmosphere.     Fr.  Secchi  not  only  testifies  to  this,  but 

*  Tberertical  dotted  lines  1,  2,  3.  on  either  side  of  rindioite  hoir  far 
the  line  F  should  be  ehifted  to  indicate  a  velocity  of  S,  IS,  and  2*  geo- 
graphical tnllpB  resppctlTely  from  or  towards  the  eye.  The  decimal  figures 
iietwe^Q  therertical  lines  nnmbered  1,1,  indicate  the  lenphof  the  light- 
vaTce  (in  parts  of  a  millimetre),  con^Bponding  to  the  port  of  the  Bpectium 
vhere  the  line  f  is. 
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he  describes  experimeats  by  which  he  convinced 
himself  that  these  linee  really  belong  to  the  8pot«,  and 
not  to  oar  own  atmosphere.  He  found  that  these 
'  water-lines  *  were  not  visible  when  the  instrument 
was  directed  in  clear  weather  to  unspotted  parts  of  the 
solar  disc;  but  that  as  the  instrument  was  shifted,  the 
approach  of  a  spot  was  clearly  indicated  by  the  appear* 
ance  and  gradually  intensifying  of  these  lines.  When 
the  sky  was  covered  with  thin  clouds  he  saw  the  same 
lines  towards  whatever  part  of  the  Sun  the  instrument 
was  directed ;  but  they  always  appeared  strongest  in 
the  spectrum  of  a  spot." 

The  second  point  which  I  wish  to  notice,  in  conclu- 
sion, is  the  evidence  of  the  polariscope  respecting  the 
general  condition  of  the  solar  photosphere.  I  do  not 
feel  justified  in  giving  space  to  an  account  of  the 
principleB  on  which  polariscopic  analysis  depends,  be- 
cause, to  say  the  truth,  the  polariscope  bas  thrown  but 
little  light  on  the  subject  of  solar  physics.  I  therefore 
merely  state  that  light  under  certtun  conditions  of 
emission,  refiection,  and  reiraction,  acquires  a  peculiar 
property  called  polarisation,  by  which  its  capability 
for  subsequent  reflection  or  refraction  is  materially 
modified.  We  have  here  to  deal  with  emission ;  and 
the  special  law  which  concerns  us-is  this,  that  light 
emitted  from   an   incandescent  solid   or   liquid   at  a 

*  Th«  reader  is  r«f«ned  for  fuller  deuils  than  there  is  here  space  for, 
to  Dr.  Schellen'i  Tork  DU  ^ptetndanatyaa,  olreadj  referred  to.  The 
Eaglidh  edition  now  preparing  for  publication,  onder  the  able  snper- 
lieioD  of  Dr.  Hoggfias,  irill  be  epedally  northj  of  ^try  earelul 
itnd;  in  ttU  mattere  relating  to  the  speclial  analjBia  of  the  San. 
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very  oblique  angle  is  pitrti&Uy  poIariBed  in  Huch  sort 
that  when  incident  on  a  plane  at  right  angles  with  the 
angle  of  emanation,  the  polarised  portion  does  not,  like 
the  rest,  undergo  reflection.  Xow,  the  light  from  near 
the  edge  of  the  Sun's  disc  shows  no  signs  of  having  this 
particular  quality.  Hence  Arago  and  others  have 
concluded  that  the  solar  photosphere  cannot  be  formed  of 
incandescent  solid  or  liquid  substance,  but  must  neces- 
sarily be  gaseous.  We  shall  have  occasion  further  on 
to  consider  the  bearing  of  tiiis  evidence  on  the  news 
we  are  to  fonn  respecting  the  Sun's  physical  constitu- 
tion. It  is  necessary  to  note,  however,  that  Sir  John 
Herschel  has  called  in  question  Arago's  conclusion ; 
and,  without  asserting  that  the  solar  photosphere  must 
necessarily  be  either  solid  or  liquid,  he  has  shown  diat 
the  evidence  of  the  polariscope  is  more  than  question- 
able, since  the  Sun  can  by  no  means  be  regarded  as  a 
smooth  uniform  globe.  Its  surface  is  iu  all  probability 
BO  rough  and  uneven  that  the  light  received  from  near 
tJie  edge  may  come  for  the  moat  pari  tjom  snrikces 
nearly  at  right  angles  to  the  visual  line.* 

Here  I  conclude  my  survey  of  the  solar  surface.  I 
have  presented  but  such  portions  of  the  vast  mass  of 
material  really  available  as  seemed  most  instructive 

*  The  case  ma;  be  compared  with  that  of  the  Uoon.  If  the  Moon 
vers  B.  Bmooth  uniform  globe,  Bhe  ought,  vhen  full,  to  seem  mnch 
darker  near  the  edge  thao  Dear  the  centre  of  her  di6&  That  aha  does 
ncit  is  due  to  the  inequalides  of  het  surface;  and.  Dr.  Ziillner  has  bno 
able  to  ihow  from  the  observed  luminoeit;  of  the  Moon  at  different 
tinieB  that  the  probable  arerago  inclination  of  the  lunar  n 
about  £6  degrees. 
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and  to  bear  moBt  pertinently  on  the  views  we  are  to 
form  respectJBg  the  Sun's  phjBical  conditioii.  Ten 
or  twelve  such  volumes  as  the  present  would  be 
needed  to  contain  even  an  abstract  of  the  observationa 
which  have  been  made  on  the  great  central  luminaty 
of  our  system.  To  the  student  of  solar  physics  I 
cannot  too  earnestly  recommend  the  careful  study  of 
all  such  observations  as  he  can  obtain  access  to;  but 
it  has  been  necessary  for  my  present  purpose  to  give  a 
more  general  view  of  the  subject.  This  chapter  must 
be  regarded  as  bearing  the  same  relation  to  the 
ponderous  volumes  in  which  our  Carringtona  and 
Herscbels,  our  Schwabea  and  Sporers  and  Secchis, 
have  recorded  their  observations,  as  Plate  II.  bears  to 
Plate  I.,  or,  generally,  to  such  lai^e-scale  and  elabo- 
rate views  as  are  afforded  by  powerful  telescopes.  We 
must  now  pass  on  to  other  matters  well  worthy  of  atten- 
tion— to  matters  that  are  perhaps  even  more  interest- 
ing and  instructive  than  the  facts  which  astronomers 
have  discovered  in  their  survey  of  the  solar  surface. 
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CHAPTER  V. 

THE  PSOMINENCEa  ASD  THE  CHROMOSPSEBE. 

The  coloured  prominences  whidi  have  recently 
attracted  bo  large  a  share  of  the  attention  of  solar 
physicists  were  first  fully  reci^ised  during  the  total 
Boiar  eclipse  of  1842.  It  is  probable,  however,  that 
thej  were  seen  more  than  a  century  before  that  date, 
though  their  real  nature  was  not  suspected.  During 
the  total  solar  eclipse  of  May  2,  1733,  Yassenius,  at 
Gottenburg,  observed  several  red  clouds  floating,  as  be 
supposed,  iu  the  atmosphere.  One  of  them  seemed 
larger  than  the  rest,  and  appeared  to  be  composed 
of  three  masses  placed  one  above  the  other,  and  com- 
pletely detached  from  the  Moon's  limb.  'These 
spots  seemed,'  he  writes, '  composed  in  each  instance  of 
three  smaller  parts  orcloudy  patches  of  unequal  length, 
having  a  certain  degree  of  obliquity  to  the  Moon's 
periphery.  Having  directed  the  attention  of  my  com- 
panion, who  had  the  eyes  of  a  lynx,  to  the  phenomenon, 
I  drew  a  sketch  of  its  aspect.  But  while  he,  not 
being  accustomed  to  the  use  of  the  telescope,  was 
imable  to  find  the  Moon,  I  again,  with  great  delight. 
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perceived  the  same  spot,  or  if  yon  chooee,  rather  the 
inTarisble  cloud  occupying  its  former  situation  in  the 
atmosphere  near  the  Moon's  periphery.'  We  need  not 
be  surprised  that  VaseeniuB  assigns  the  spots  ^thont 
scruple  to  the  Moon's  atmosphere,  sinee  it  was  thought 
by  many  in  hia  time  that  the  Moon  has  an  atmosphere 
of  appreciable  extent.  Yet  it  was  uufortunate  for 
science  that  the  prominences  (for  we  can  scarcely  doubt 
that  the  appearances  seen  by  YasBenius  were  really 
prominences)  should  have  been  thus  explained  away 
as  relatively  unimportant  phenomena,  since  otherwise 
observers  during  succeeding  eclipses  would  probably 
have  searched  for  similar  objects,  and  we  might  thus 
have  possessed  a  long  series  of  observations  tending  to 
indicate  the  laws  according  to  which  these  objects 
make  their  appearance. 

For  more  than  a  ceatury  eclipse  passed  af^r  eclipse, 
and  no  observer  recognised  these  flames  of  coloured 
light,  which  have  seemed  to  the  observers  of  recent 
eclipses  so  striking  and  obvious.  Ferrer,  indeed,  id 
1806,  and  Van  Swinden,  in  1820,  noticed  faint  traces  of 
some  peculiar  coloured  appendages ;  but  thmr  observa- 
tions were  not  satisfactory,  nor  was  any  attention 
drawn  to  the  subject. 

During  the  great  eclipse  of  1842,  however,  a  number 
of  first-rate  observers  were  distributed  along  the  line 
of  total  obscuration.  Airy,  Ar^o,  and  the  younger 
Struve ;  Littrow,  Baily,  Santini,  Yalz,  and  Biela, — a 
host,  in  fine,  of  the  most  skilful  astronomers  in  Europe — ■ 
watched  the  eclipse  with  careful  scrutiny.    All  of  them 
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recognised  with  suqirise  the  presence  of  rose-coloured 
prominences  round  the  disc  of  the  eclipsed  Sun. 

The  Astronomer>Koyal  saw  three  prominences  at 
the  summit  of  the  disc ;  Arago,  Struve,  and  Schid- 
lowski  saw  two  near  the  lowest  point  of  the  disc ; 
Schumacher,  of  Vienna,  saw  three — two  be!ow,  and 
one  above. 

It  will  be  instructive  to  consider  the  account  given 
by  tbe  first  observers  of  these  interesting  objects. 

The  Astronomer-Royal  compared  them  to  the  in- 
clined teeth  in  a  circular  saw,  and  estimated  their 
height  at  about  one  minute  of  arc. 

Schumacher  compared  the  protuberances  to  ice- 
bergs, and  the  pictures  which  illustrate  his  paper 
represent  them  as  much  more  closely  resembling  ice- 
bergs than  any  protuberances  Been  in  recent  times. 
We  may  not  unfairly  conclude  that  Scliumacher's 
drawings  are  somewhat  idealised. 

Baily  compared  the  prominences  to  Alpine  peaks 
coloured  by  a  setting  Sun.  He  noticed  that  one  was 
bifurcated  almost  to  its  base.  M.  Mauvais  employs  a 
similiar  compariaon.  He  had  seen  a  reddish  point  soon 
after  the  Sun  was  totally  obscured.  *  When  fifty-^ 
seconds  had  passed  after  the  commencement  of  totality,' 
he  writes,  '  this  reddish  point  transformed  itaelf  into 
two  protuberances,  resembling  two  adjacent  mountains, 
and  well  defined.  Their  colour  was  not  uniform, 
streaks  of  a  deeper  red  marking  their  fianks.  I  can- 
not describe  them  better  than  by  comparing  them  to 
distant  Alpine  peaks,  illuminated  by  the  rays  of  tha 
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setting  San,  One  minute  and  ten  seconds  from  the 
time  of  total  obscuration  a  third  mountain  became 
visible  to  the  left  of  the  other  two.  In  colour  it  re- 
sembled the  others.  Beside  it  were  some  smaller 
peaks,  all  of  them  well  defined.* 

Mauv^  noticed  that  the  other  two  protuberances 
grew  higher  while  the  third  was  making  its  appearance. 
Xear  the  end  of  the  eclipse  they  were  no  less  than  two 
minates  of  arc  in  height 

Biela,  Schumacher,  and  others  recognised  a  border 
of  rose-coloured  light  surrounding  apart  of  the  Moon's 
limb  at  a  lower  level  than  that  attained  by  the  pro- 
minences. It  is  worthy  of  note  that  this  pheno- 
menon had  been  noticed  earlier  than  the  prominences 
themselves;  for  during  the  total  eclipse  of  1706, 
Captiun  Stannyan  remarked  that  a  blood-coloured 
streak  of  light  appeared,  before  the  Sun's  limb  emerged 
from  behind  the  Moon.  In  1715,  also,  Halley  noticed 
that  two  or  three  seconds  before  the  emersion,  the 
Moon's  limb  appeared  to  be  tinged  with  a  dusky  but 
strong  red  light,  forming  a  long  and  narrow  streak ;  and 
during  the  same  eclipse,  Louville  saw  what  he  describes 
as  an  arc  of  deep  red  colour  along  the  edge-  of  the 
Moon's  disc  The  latter  astronomer  was  careful  to 
assure  himself  that  the  appearance  was  no  illusion,  and 
to  this  end  he  brought  the  red  arc  int«  the  middle  of 
the  telescopic  field  of  view,  when  he  found  that  the 
red  colour  remained  unchanged.  Don  Ulloa,  in  1778, 
and  Ferrer,  in  1806,  had  noticed  a  similar  pheno- 
menon. 
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When  the  varioua  accounts  of  the  eclipee  of  1842 
came  before  the  astroDouiical  world,  aeveral  theories 
were  propounded  in  explanatioo  of  the  red  prominences. 
The  theory  that  they  are  moustUDS  in  the  Sun  was 
for  a  while  in  favour ;  but  Arago  pointed  out  that 
Bome  of  them  were  too  cousiderably  inclined  to  the 
perpeudicular  to  be  so  regarded.  Others  supposed 
them  to  be  clouds  in  the  aolar  atmosphere ;  while  others 
again  suspected  them  to  be  enormous  flames.  As 
ordinarily  happens  in  such  cases,  there  were  not  want- 
ing those  who  denied  that  the  coloured  prominences 
had  any  real  existence  whatever.  M.  Faye,  for  ex- 
ample, asserted  his  belief  that  they  are  purely  optical 
illusions — '  mirages,  perhaps,  produced  near  the  Moon's 
surface.' 

The  eclipse  of  1851  removed  these  doubts  for  the 
most  part,  though  it  is  to  be  noted  in  passing  that 
despite  &te  evidence  obtained  then,  and  yet  again  in 
1860,  there  were  some  who  continued,  even  until  the 
great  Indian  eclipse  of  1868,  to  deny  that  the  coloured 
prominences  and  the  rose-tinted  arcs  seen  at  a  lower 
level  could  really  be  regarded  as  solar  appendages. 

During  the  total  eclipse  of  ISfil  many  observers  of 
great  skill  made  drawings  of  the  very  remarkable  pro- 
minences which  were  visible  on  that  occasion.  These 
pictures  exhibited  a  sufficiently  satisfactory  agreement 
to  convince  the  observers  that  they  had  all  witnessed 
the  same  phenomena ;  though  the  discrepancies  between 
the  pictures  afford  instructive  evidence  of  the  difficulty 
of  delineating  with  exactness   the   detuls  presented 
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during  eclipsee.  The  following  six  pictures  represent 
in  order  the  work  of  the  AstroDomeT-Kofal,  Mr. 
Dawes,  Mr.  Hind,  Mr.  LasaeU,  Mr.  Gray,  and  Mr. 
Stephenson.  Mr.  Airy  thus  writes  respecting  the 
prominences : — 

*  The  form  of  the  prominences  waa  most  remarkable. 
That  which  I  have  marked  a  (fig.  58)  reminded  me  of 
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The  ecloond  praminencM  aeeu  during  the  eelipw  of  IS51. 

a  boomerang.  Its  colour  for  at  least  two-thirds  of  its 
breadth — from  the  convexity  towards  the  concavity — 
was  full  lake-red;  the  remainder  was  nearly  white. 
The  most  brilliant  part  of  it  was  the  swell  farthest  from 
the  Moon's  limb ;  this  was  distinctly  seen  by  myself 
and  my  friends  with  the  naked  eye.  I  did  not  measure 
its  height;  but  jnd^g  generally  by  its  proportion  to 
the  Moon's  diameter,  it  most  have  been  three  minutes 
of  arc.     This  estimation  perhaps  belongs  to  a  later 
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period  of  the  eclipse.  The  promiDence  b  was  a  pale 
white,  semicircle  based  on  the  Moon's  limb.  That 
marked  c  was  a  red  detached  cloud  or  balloon  of  nearly 
circular  form,  separated  from  the  Moon's  limb  by  a  space 
differing  in  no  way  from  the  rest  of  the  corona  of  nearly 
its  own  breadth.  That  marked  d  was  a  small  tri- 
angular, or  conical,  red  mountain,  perhaps  a  little  white 
in  the  interior.  These  were  tlie  appearances  seen 
instantly  afler  .the  formation  of  the  totality.  I  em- 
ployed myself  in  an  attempt  to  delineate  roughly  the 
appearances  on  the  western  limb,  and  I  took  a  hasty 
view  of  the  country ;  I  then  remarked  the  Moon  a 
second  time.  I  believe  (but  I  did  not  carefully  re- 
mark) that  the  prominences  a  b  c  had  increased  in 
height ;  but  d  had  now  disappeared,  and  a  new  one,  «, 
had  risen  up.  It  was  impossible  to  see  this  change 
without  feeling  the  conviction  that  the  prominences 
belonged  to  the  Sun,  and  not  to  the  Moon.  I  again 
looked  round,  when  I  saw  a  scene  of  unexpected 
beauty.  I  went  to  my  telescope  with  a  hope  that  I 
might  be  able  to  make  the  polarization  observatione, 
when  I  saw  that  the  sierra,  or  rugged  line  of  proje&> 
tions  shown  at  /,  had  arisen.  The  tierra  was  more 
brilliant  than  the  other  prominences,  and  its  colour 
was  nearly  scarlet.  The  other  prominences  had  per- 
haps increased  in  height,  but  no  additional  new  ones 
had  arisen.  The  appearance  of  the  gierra  nearly  in 
the  place  where  I  had  expected  the  appearance  of 
the  Sun  warned  me  not  now  to  attempt  any  other 
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physical  obserrations.  In  a  short  time  the  white  Sun 
buTBt  forth,  and  the  corona  and  every  prominence 
vanished.' 

Mr.  Hind's  narrative  is  as  follows: — •  On  first  view- 
ing the  Sun  without  the  dark  glass  afler  the  com- 
mencement of  totality,  three  roae-coloured  prominences 
immediately  caught  my  eye,  and  others  were  seen  a 
few  seconds  later.  The  largest  and  most  remark- 
able of  them  (a  in  Mr.  Airy's  drawing)  was  strught 
through  two-thirds  of  its  length,  but  curved  like  a 
sabre  near  the  extremity,  the  concave  edge  being 
towards  the  horizon.  The  edges  were  of  a  full  rose- 
colour,  the  central  parts  paler,  though  still  pink. 
Twenty  seconds,  or  thereabouts,  after  the  disappearance 
of  the  Sun,  I  estimated  its  length  at  forty-five  seconds 
of  arc,  and  on  attentively  watching  it  towards  the  end 
of  totality  I  saw  it  materially  lengthened — probably 
to  two  minutes — the  Moon  having  apparently  left  more 
and  more  of  it  visible  as  she  travelled  across  the  Sun. 
It  was  always  curved,  and  I  did  not  remark  any  change 
of  form,  nor  the  slightest  motion  during  the  time  the 
Sun  was  hidden.  I  saw  this  extraordinary  prominence 
four  seconds  after  the  end  of  totality,  but  at  this  time 
it  appeared  detached  from  the  Sun's  limb,  the  strong 
white  light  of  the  corona  intervening  between  the  limb 
and  the  base  of  the  prominence.  About  ten  degrees 
south  of  the  above  object  I  saw  during  the  totality  a 
detached  triangular  spot  of  the  same  rose-colour,  sus- 
pended, as  it  were*  in  the  light  of  the  corona,  which 
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gradually  receded  from  the  Mood's  dark  limb,  as  ehe 
moved  onwards,  and  was  therefore  clearly  connected 
with  the  Sun.  Its  form  and  position  with  respect  to 
the  large  prommence  continued  exactly  the  same  so 
long  as  I  observed  it.  On  the  south  limb  of  the  Moon 
appeared  a  long  range  of  rose-coloured  fiamee,  which 
seemed  to  be  affected  with  a  tremulous  motion, 
though  not  to  any  great  extent.  The  bright  roee-red 
of  the  tops  of  these  projections  gradually  faded  towards 
their  bases,  and  along  the  Moon's  limb  appeared  a 
bright  narrow  line  of  a  deep  violet  tint ;  not  far  from 
the  western  extremity  of  this  long  range  of  red  flames 
was  an  isolated  protninence,  about  forty  seconds  in 
altitude)  and  another  of  similar  size  and  form  at  an 
angle  of  145°  from  the  north  towards  the  east.' 

I  may  add  Mr.  Dawes'  account  of  the  great  promi- 
nence marked  a  in  Mr.  Airy's  picture  (fig.  58).  '  Ared 
protuberance  of  vivid  brightness  and  very  deep  tint, 
arose  to  a  height  perhaps  1^  when  first  seen,  and  in- 
creased  in  length  to  2'  or  more,  as  the  Moon's  pro- 
gress revealed  it  more  completely.  In  shape  it  some- 
what resembled  a  Turkish  scimitar,  the  northern  edge 
being  convex,  and  the  southern  concave.  Towards 
the  apex  it  bent  suddenly  to  the  south, — or  upwards,  as 
seen  in  the  telescope.  Its  northern  edge  was  well 
defined,  and  of  a  deeper  colour  than  the  rest,  especially 
towards  its  base.  I  should  call  it  a  rich  carmiDe. 
The  southern  edge  waa  less  distinctly  defined,  and 
decidedly  paler.  It  gave  me  the  impression  of  a 
somewhat  conical  protuberance,  partly  hidden  on  its 
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Bouthero  side  by  some  interrening  substance  of  a  soft 
or  flocculent  character.  The  apex  of  this  protuberance 
was  paler  than  the  base,  and  of  a  purplish  tinge,  and 
it  certainly  had  ajiickering  motion.  Its  base  was,  from 
first  to  last,  sharply  bounded  by  the  edge  of  the  Moon. 
To  my  great  astonishment,  this  maryellous  object  con- 
tinued visible  for  about  ^ve  seconds,  as  nearly  as  I 
could  judge,  after  the  Sun  began  to  reappear,  which 
took  place  many  degrees  to  the  south  of  the  situation 
it  occupied  on  the  Moon's  circumference.  It  then 
rapidly  faded  away,  but  it  did  not  vanish  inataiitaneoutly. 
"FTOna  its  extraordinary  size,  curious  form,  deep  colour, 
and  vivid  brightness,  this  protuberance  absorbed 
much  of  my  attention;  and  I  am  therefore  unable 
to  state  precisely  what  changes  occurred  in  the  other 
phenomena  towards  the  end  of  the  total  obscura- 
tion.' ' 

Such  are  a  few  of  the  records  of  the  appearance 
presented  by  the  prominences  during  the  eclipse  of 
1851.     It  would  have  been  easy  to  have  filled  forty  or 

■  The  eridenM  of  Sir.  DsvM  is  rerj  vtkliuble,  on  Kcoont  of  his 
exceptional  powen  of  lisioD.  Frobabl;  ha  has  neTar  been  suiHaaed  id 
this  respect.  It  Dm;  therefore  be  n^gaided  ta  fortonste  that  he  tA- 
dressed  hia  sole  attention  to  one  promineDCe ;  since  some  of  the  hen  he 
detected  are  such  as  noIstAT  obserTstions  eoold  have  more  sntisfactorily 
estabLshed.  Such,  for  instance,  is  hit  ohaerration  of  the  fiickeiing 
motion  of  the  apper  pait  of  the  pTDmiDMice.  He  was  too  well  accus- 
tomed to  recognise  the  apparent  motions  produced  bj  oar  own  atmo- 
sphere to  be  decMved  into  inferring  real  motion  where  none  existed. 
Hi*  obcernlioD  of  th«  Tisibilit;  of  the  prominence  for  sereml  seconds 
after  the  Smi's  reappeaiance  confirms  Mr.  Hind's,  and  the  fact  is  one  of 
extreme  importance,  as  tending  to  affiitd  a  meaaure  of  the  lamiDosIt; 
of  tile  laigei  prominenCM. 
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fifty  pages  with  the  Darratives  of  tlie  different  obser- 
vers, many  of  them  skilful  and  weU-practised  astrooo- 
mere.  All  ^reed  as  to  the  principal  details,  and,  as 
will  be  seen:  by  figs.  56-63,  there  was  a  very  satis- 
factory agreement  in  the  pictures  taken  by  different 
observers.  It  would  appear  that  no  doubt  could  any 
longer  remain  that  the  prominences  were  solar  appen- 
dages of  some  sort  They  had  been  visibly  traversed 
by  the  Moon,  according  to  the  unexceptionable  evidence 
of  such  astronomers  as  Airy,  Hind,  Dawes,  and  others. 
They  had  continued  visible  when  our  atmosphere  had 
already  begun  to  be  lighted  up  by  the  ^rect  rays  of 
the  returning  Sun.  At  stations  &r  apart  they  had 
presented  the  siune  appearance.  It  would  seem  there- 
fore that  nothing  was  wanting  to  establish  their  real 
relation  to  the  solar  orb,  and  that  no  question  should 
any  longer  have  existed  as  to  the  fact  that  the  promi- 
nences are  true  solar  appendages,  since  the  proofs  were 
so  complete  that  they  belonged  neither  to  the  Moon 
nor  to  our  own  atmosphere,  and,  further,  that  they  were 
not  mere  optical  illusions. 

Yet,  in  the  face  of  all  this  evidence,  some  astronomers 
were  still  found  who  maintained  that  the  observations 
were  insufficient  to  establish  the  existence  of  coloured 
objects  so  enormous  as  these  must  he  if  tbey  really 
were  solar  appendages.  It  has  always  happened  that 
in  the  ranks  of  the  scientific  army  some  have  been 
found  who  refuse  to  credit  the  marvels  which  obser- 
vation is  continually  revealing  on  every  hand.  Des- 
pite all  the  known  wonders  of  tbe  universe,  the  mere 
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circumetance  that  the  sole  available  interpretation  of 
observed  facts  involves  Bome  surprising  conclusion,  is 
held  by  such  men  to  be  a  sufEcient  reason  for  rejecting 
the  observations  of  the  most  trustworthy  astronomers.* 
So  it  was  in  this  instance.  For  nine  long  years 
astronomy  was  compelled  to  wait  before  she  could  be 
allowed  to  take  possession  of  her  well-won  new  territory. 
The  amazing  fact  had  been  proved  beyond  all  possi- 
bility of  reasonable  question  that  the  great  globe  of 

■  One  is  atmoit  readj  to  despMr  of  the  csuse  of  scientific  progress — 
to  deepmir  at  least  that  that  progreBS  will  ever  be  so  rapid  aa  it  might 
TMdilj  become — vhen  one  finds  that  each  new  result  roust  he  estab- 
lished OTei  and  over  again  before  it  is  admitted  by  a  lai^  propoitioa 
of  the  scientific  world.  It  may  he  ramarked,  iodeed,  that  the  progress 
of  ocience  bos  been  at  least  as  seiiouslj  checked  \>j  undue  caution  as  bj 
undue  boldness.  It  voald  seem  almost  as  though  some  students  of 
■cioice  were  continusUjf  in  dread  lest  the  work  of  our  obMrvers 
ahonld  become  too  productive.  The  value  of  ecisDtiflc  obsetration 
seems  to  he  enbaaced  in  their  eyes  precisely  in  proportioa  as  its  fruits 
ue  insigniflcant.  In  all  sges  there  have,  been  those  who  would  thns 
anwisely  restmin  the  [vogiess  of  legitimate  inqniiy.  'We  muat  not 
admit  that  Jupiter  has  moons,'  they  said  of  old ;'  the  Evil  One  may 
have  scut  these  appearances  to  deceive  ns.  Let  ns  wait  for  further 
obssrralioti.'  '  The  Sun  cannot  hnre  spots,'  they  reason<!d  again, '  for 
tfaeEyeof  the  Unirerse  cannot  Buffet  from  ophthalmia.  These  things  ate 
illiksions;  let  us  wait  for  more  satisfactory  ohservatious.'  'The  idea 
that  the  Sun-spots  wax  and  wane  in  a  definite  period  is  too  fanciM 
fot  acceptaooe;  and  s^ll  more  absurd  is  the  conception  that  terree- 
tnal  magnetism  can  have  any  relations  whatever  with  the  progress  of 
solar  disturbanoe.  We  must  wait  for  fresh  researches.'  '  Who  can 
believe  that  fliimea,  or  clonda,  or  mountains,  many  times  exceeding  the 
Eafth  in  magnitude,  exist  upon  or  close  by  the  Sun  f  These  things  must 
seeds  be  illusions ;  at,  any  rate,  fresh  obserrations  are  required  before 
■luh  marvels  can  be  admitted.'  And  as  this  has  happened  with  &cts 
now  accepted,  so  it  is  happening,  and  so  (it  is  feared)  it  will  always 
happen,  as  respects  many  other  &ets  which  have  been  in  truth 
demonstrated,  but  the  demoiutiatioii  of  which  does  not  chance  to  lie 
exactly  on  tlie  surtbee. 
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the  Son  ia  anrroonded  by  a  deep  layer  of  coloured 
matter,  while  from  portions  of  this  vast  envelope 
enormous  protuberances  start  out,  their  height  so  vtrt 
that  ten  globes  such  as  our  Earth  might  be  piled  one 
upon  the  other  on  the  Sun's  surface  without  attaining 
to  the  Bummit  of  the  highest  prominences.  Bat  diig 
great  fact  was  not  to  take  its  place  in  our  treatises  of 
astronomy  until,  although  twice  proved  already,  it  bad 
been  proved  once  again  at  least 

Accordingly,  in  1860,  when  a  total  eclipse  was  to  be 
viable  in  Spain,  -  preparatiouB  were  made  for  finally 
resolving  the  problem  of  the  prominences.  A  host  of 
skilful  observers  devoted  their  powers  to  demonstrating 
what  had  already  been  abundantly  demonstrated.  It 
happened  fortunately,  however,  that  amongst  the 
astronomers  who  took  part  in  observing  this  important 
eclipse,  there  were  some  few  who  duly  recognised  the 
importance  of  the  occasion,  and  who  therefore,  leaving 
fruitless  labours  to  others,  applied  themselves  to  solv- 
ing important  questions  respecting  the  coloured  promi- 
nences. Their  results  I  now  propose  to  describe ;  but, 
in  the  first  place,  I  will  quote  the  account  which  Gold- 
schmidt,  one  of  the  most  skilful  telescopists  of  modem 
timea,  gave  of  the  prominences  visible  on  this  occasion. 
Some  of  the  facts  recorded  by  him  are  of  extreme 
interest  and  importance,  especially  as  respects  the 
colour  of  the  prominences,  since  M.  GoldHihmidt's 
practice  as  a  painter  gave  him  exceptional  experience 
in  this  respect. 

M.  Goldschmidt  employed  a  telescope  of  four  inches 
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in  aperture,  magnifyuig  aboat  forty  times.  About 
half  a  minute  before  totality  he  could  distiiiguiBh  'little 
grey  clouds,  lAolated  iu  part,  and  floating  outside  the 
solar  disc  at  some  distance  from  tlie  edges.  One  of 
these  isolated  clouds  of  a  rounded  fonn,  and  another  of 
an  elongated  form  vhich  touched  the  exterior  edge  of 
the  Sun,  were  obserred  to  be  of  a  grey  colour  on  the 
ground  of  the  sky,  which  was  a  little  brighter.  An 
instant  afterwards  the  pyramidical  cloud  became  more 
clear,  and  then  roee-coloured.*  '  I  had  thus  been 
present)'  adds  Goltlschmidt,  '  at  the  formation  of  a 
protuberance' — a  remark  which  has  been  somewhat 
misunderstood  through  being  quoted  apart  from  the 
context.  Clearly,  Goldschmidt  did  not  mean  that 
under  his  eyes  a  prominence  had  started  into  existence ; 
hut  that  he  had  been  able  to  recognise  the  gradual 
process  by  which  the  prominence  became  visible  with 
the  diminishing  sunlight.  '  Several  smaller  promi- 
nences,' he  proceeds, '  were  seen  in  the  neighbourhood 
of  this  one,  resembling  globules  of  mother-of-pearl,  but 
of  an  irregular  form.  .  These  likewise  became  of  a  rose 
colour  immediately  afterwards,  but  quickly  disappeared. 
The  most  imposing  as  well  as  comphcated  of  the  pro- 
nunences — which  I  will  call  the  chandelier  (fig.  64)  was 
grand  beyond  description.  It  rose  up  from  the  limb, 
appearing  like  slender  tongues  of  fire,  and  of  a  rose 
colour ;  its  edges  were  purple  and  transparent,  allowing 
the  interior  of  the  prominence  to  be  seen ;  in  fact,  I 
could  see  distinctly  that  this  prominence  was  hollow. 
Shortly  before  the  end  of  the  totality,  I  saw  escape  from 
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the  extremities  of  these  Tx»e-coloured  and  transparent 
sheaves  of  Ught,  a  slight  display  in  the  shape  of  a  fan, 
-which  gave  to  the  protuberasce  a  real  resemblance  to  a 
chandelier.  Its  hase,  which  at  the  commencement  of 
the  totality  was  noticed  very  decidedly  on  the  black 
limb  of  the  Moon,  became  slightly  less  attached)  and 
the  whole  took  an  appearance  '  more  ethereal  and 
vapourish ;  however,  I  did  not  lose  sight  of  it  for  an 
instant.  The  jets  of  light  which  came  from  the  ex- 
tremities disappeared  with  the  appearance  of  the  first 
rays  of  the  Sun;  but   it  was  not  so  with   the  pro- 


tuberance itself,  for,  an  instant  before  the  end  of  the 
totality,  I  saw  several  small  prominences  appear  lying 
close  to  each  other  on  the  right  of  its  base,  ^nd  form- 
ing a  square,,  which  is  the  chacacter  of  toothed  promi- 
nences ;  two  others  of  the  same  height  were  seen  on 
the  left  side  of  its  base  when  the  Sun  had  already 
appeared.  The  north  horn  of  the  solar  crescent 
touched  the  last  of  these  prominences ^ur  minutes  and 
forty  seconds  after  the  reappearance  of  the  Sun.  The 
intense  light  caused  me  to  abandon  this  interesting 
observation,  for  I  was  not  at  the  time  using  a  coloured 
glass ;  however,  I  am  certain  that  the  <  chandelier '  and 
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the  little  prominences  at  ita  base  had  not  disappeared  up 
to  that  moment.  Although  I  am  convinced  that  the  pro- 
tuberances belong  to  the  Sun,  nevertheless  I  ought  to  re- 
mark that  at  the  last  moment  I  was  surprised  to  see  the 
direction  of  the  chandelier  referred  to  the  centre  of  the 
Moon  rather  than  to  the  centre  of  the  Sun '  (in  other 
words,  the  chandelier  was  somewhat  inclined).  '  The 
height  of  the  prominence  was  estimated  about  three 
minutes  and  a  half  at  the  commencement  of  the  totality, 
and  four  minutes  at  the  end.     A  second  protuberance 


(fig,  65)  appeared  on  the  apparent  right  of  this, 
at  a  distance  of  about  thirty-five  degrees,  being 
about  3|  minutes  in  height  and  nearly  of  the  form 
of  the  symbol  of  the  planet  Saturn  ( I? ) ;  this  pro- 
minence I  have  called  the  hook.  A  thinl,  to  the 
right  of  the  two  preceding  and  at  a  distance  equal  to 
that  of  the  two  others,  assumed  a  form  of  which  it  is 
difficult  to  give  an  idea;  however,  I  will  call  it  the 
tooth.  About  eleven  degrees  to  the  right  of  the  second 
protuberance,  I  noticed  a  fourth,  small  and  in  the  form 
of  a  square;  between  this  and  the  third  there  was 
situated  a  rose-coloured  cloud,  the  shape  of  which  was 
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elongated  and  bent,  inclined  at  an  angle  of  for^-five 
degrees  towards'  the  left  limb  of  the  Moon.  This  cloud 
was  entirely  detached,  floating  on  the  corona  like  a 
red  cloud  at  sunset.  Its  centre  was  elevated  abore  the 
hmb  of  the  Moon  about  one-half  the  altitude  of  the 
other  prominences,  or  about  two  minntes.  A  fifth  pro- 
tuberance also  appeared  at  the  beginning  in  the  soath- 
east,  and  was  of  increased  size  in  the  middle  of  the 
totality.  /  ought  to  remark  that  all  the  protuberancet 
which  I  noticed  had  a  tendency  m  their  form  to  describe 
a  curve,  the  concavity  of  which  wat  turned  from  the 
side  of  the  west.' 

But  the  principal  interest  of  the  eclipse  of  1860 
attaches  to  the  photographic  work  of  Fr.  Secchi  and 
Mr.  De  La  Rue. 

To  secure  a  photograph  of  the  Sun  itaelf  is  a 
problem  of  a  wholly  different  character  from  that  which 
these  two  astronomers  had  set  themselves ;  for  owing 
to  the  intense  brilliancy  of  the  solar  light,  the  exposure 
necessary  to  secure  a  photograph  of  the  Sun  is  of  the 
briefest.  For  a  minute  fraction  of  a  second  the  image 
ot  the  Sun  must  faU  on  the  prepared  plate ;  but  for  no 
longer  interval,  or  a  mere  blurred  patch  would  reward 
the  photographer.  But  to  secure  a  picture  of  the  aolar 
prominences,  an  exposure  of  appreciable  length  is 
required.  Nor  was  it  one  of  the  least  difficulties  of 
Secchi  and  Be  La  Eue  that  the  length  of  time  actually 
required  was  unknown  to  them.  All  their  work  was 
tentative;  and  there  was  every  reason  to  fear  that 
success  waa  impo^ble  on  account  of  the  colour  of  the 


D,Q,t,7P-i>»  Google 


THE  PROMINENCES  AND  CSEOMOSPJIESE.     259 

prommences.  A  red  or  orange  light  has  coiDmonlj'  no 
actinic  power  whatever;  insomuch  that  the  'dark 
room '  of  the  photographer  is,  in  a  photographic  sense, 
nearly  as  dark  when  its  walls  are  of  orange-coloured 
glass  as  though  they  were  absolutely  opaque.  So 
that  if  the  light  of  the  prominences  really  were  pure 
red,  it  was  hopeless  to  endeavour  to  obtain  photographs 
of  these  objects.* 

Despite  the  difficulties  which  the  problem  presented, 
and  the  disheartening  anticipations  which  their  ex- 
perience as  photographers  justified  them  in  forming, 
the  two  physicists  I  have  named  boldly  entered  on 
their  task.  They  adopted  different  methods.  Mr. 
De  La  Hue  employed  the  Kew  heliograph,  and  the 
small  image  formed  at  the  focus  of  the  object-glass  was 
oilarged  before  being  received  upon  the  plate.  Secchi 
preferred  to  receive  on  the  plate  the  image  formed  by 
the  object-glass  of  his  telescope.  This  image  was  about 
an  inch  in  diameter. 

*  The  result,'  says  Secchi, '  proved  that  both  systems 

■  It  is  worthy  of  notice,  and  iffbrda  »  fresh  proof  (if  proof  wpre 
wanted)  of  the  (act  dint  observationn  ma;  involre  imporlAnt  results 
sltogetlin'  apart  from  their  direct  sigDiflmnce,  that  th«  Eucceisfiil  phato- 
gTa[diii)g  of  tbe  pTomiueiices  aftbrded  ftU  but  n>mplet«  proof  of  thnt 
vhich  waa  aJterwarda  demoDstrated  bj  the  Bpeetroscope — the  fact, 
Damely,  that  the  piomiDencei  connst,  of  glowing  vapour.  Secchi  or 
De  Ia  Rne  might  quite  confidraitly  hare  osrarted  that  when  the  promi- 
DCDcea  came  to  be  exaiuined  with  the  speetroscope,  their  Bpectm  would 
show  a  band  or  bands  near  the  blue  end  of  the  apectnim,  sepamted  hy 
wide  dark  gape  trom  certniu  bands  in  the  red  and  orange  port  The 
greater  port  of  the  light  of  the  prominences  corresponded  to  tltese 
latter  bawla,  but  that  part  b;  which  the  photographs  were  taken  corre- 
sponded to  the  fotmer. 
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are  excellent,  each  having  its  special  advantages.  In 
the  enlarged  iro^e  one  can  distinguish  more  details, 
but  the  direct  image  gives  a  greater  extension  to  the 
corona.' 

The  two  observers  were  situated  at  difTerent  stations. 
— Fr.  Seccbi  at  the  Desierto  de  las  Palmas,  near  the 
Mediterranean ;  Mr.  De  La  Kue  at  Biva  Bellosa,  near 
the  Atlantic.     Thus  an  interval  of  about  six  minutes 

Fm.  OS.  Phi.  6T. 


From  pbowgniplu  of  tbe  Sun  dnticg  Um  l«Ui  aolHi:  ecupae  uf 
June  ISaO.    (DeLa  Sue.) 

elapsed  before  the  Moon's  shadow  passed  from  one 
station  to  the  other,  and  an  opportunity  was  afforded  ef 
determfDing  whether  the  pronuDences  change  rapidly 
in  figure.  Besides  this,  there  was  a  slight  difference  in 
the  apparent  course  traversed  by  the  Moon's  disc 
in  crossing  the  Sun's;  for  Secchi  and  De  La  Rue 
were  at  different  distances — and,  as  a  matter  of  fact,  on 
opposite  sides  of  the  path  of  the  centre  of  the  Moon's 
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shadow,  so  that  De  La  Rue's  aeries  of  photographs  shows 
more  of  the  promuieiices  on  the  superior  part  of  the 
Sun's  limb,  while  Secchi's  series  shows  more  of  the 
promiDeuces  on  the  inferior  portion. 

It  will  be  unDecessary — so  closely  do  the  two  series 
resemhle  each  other  in  all  essential  respects— to  exhibit 
both  ;  hut  further  on  there  will  be  found  a  copy  of  one 
of  Secchi's  pictures  (fig.  82,  p.  327),  which  the  reader 
may  compare  with  figs.  66  and  67,  copied  from  Mr. 
De  La  Rue's  photographs. 

It  will  be  noticed  that  fig.  66  represents  the  earliest 
phase.  The  Moon  is  advancing  from  right  to  left,  and 
has  just  hidden  the  lost  fine  thread  of  direct  sunlight 
on  the  left  Thus  we  see  the  full  height  of  the  pro- 
minences on  the  left,  while  no  prominences  are  seen  at 
all  on  the  right  of  the  Sun.  At  the  upper  and  lower 
part  of  the  Snn's  limb  the  prominences  are  partly 
concealed,  and  necessarily  remain  so  throughout  the 
eclipse.  In  fig.  67  the  Moon  has  obliterated  a  large 
proportion  of  the  prominences  on  the  left,  while  it  has 
in  turn  revealed  a  number  of  small  prominences,  a  long 
range,  or  sierra,  and  a  lofty  and  massive  projection, 
on  the  upper  right-hand  quadrant.  Fr.  Secchi  ob- 
served the  prominences  directly,  and  with  great  care, 
while  his  assifitants  managed  thephotography.  Amongst 
the  phenomena  he  noticed,  I  may  mentJou  the  circum- 
stance that  the  strange  prominence  seen  in  both  figures 
on  the  upper  lefl-hand  quadrant,  possessed  a  helicoidal* 

*  It  vunld  be  well  if  tliii  word  '  helicoidal '  were  slway*  emplojed  in 
tbii  MOM,  in  ptefotesea  to  the  wind  '  epiral,'  which  might  ba  conTemaatlj 
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structure.  In  the  magaified  picture  from  Mr.  De 
La  Bue'a  photographs,  this  etructure  can  be  dearlj 
recoffnised." 

"Ft.  Secchi  tlius  sammed  up  the  result  of  his 
obBcrvationB : — 

1.  The  pToiDiDenceB  are  not  mere  optical  illusions ; 
they  are  real  phenomena  appertainiug  to  the  Sun.  Our 
obserrations  having  been  made  at  two  places  separated 
a  hundred  leagues  from  each  other,  it  is  impossible  to 
suppose  that  shapes  so  well  defined  and  so  exactly 
identical  could  be  produced  bya  phenomenon  resembling 
mirage. 

2.  The  prominences  are  collections  of  luminous 
matter  of  great  brilliancy  and  possessing  a  remarkable 
photographic  activity.  This  activity  is  so  great  that 
many  of  the  prominences  which  are  visible  in  the 
negatives  could  not  be  seen  directly,  even  with  power- 
ful instruments,  perhaps  because  they  emitted  only 
chemical  rays  and  few  or  no  Inminoiis  rays.f 

3.  There  are  masses  of  prominence  matter  suspended 

l«)itHet^  to  curTDS  \jJng  in  a  plaac  I  mn  not  iuBisCiog  on  either  tpnii 
OH  more  coriect,  but  only  on  th«  cunvenience  of  fc  raccigni»d  teiiD  to 
eipreas  epiral  curves  not  lying  in  one  plane. 

■  Seccbi  notices  the  apparent  encroachrneDt  of  this  pcominence  upon 
the  Uoon'fl  limb — a,  peculiarity  vhicb  ha  atKribes  to  tha  fact  that  the 
Mood  vu  moring  awjiy  fn>m  the  prominence  whilethe  plate  wu  under 
eipoaare.  Doubt  Use,  till  a  circumatuice  produced  it>  effect;  but  the 
phenoroenoii  in  chiefly  due,  according  to  ths  expenmenlal  leMetehcs  of 
Dr.  Cartb,  to  a  process  of  cbenucol  ettenHchment  Inking  pbce  during 
the  derelopment  of  the  pints. 

t  The  BpeolroKopic  obaerrstioni  made  during  the  AmericM)  edipee 
lend  to  throw  doubt  on  this  conclusion,  which,  however,  is  in  aocotdanoe 
with  the  obsemtions  made  b;  Mr.  DolA  Roe,  and  also,  be  it  noticed,  irith 
laboratory  experiments  on  the  spectrum  of  hydrogen. 
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and  isolated  like  clouds  in  the  air.  If  tJieir  form  is 
variable  the  rariations  take  place  so  slowly  that  it  is 
impossible  to  recognise  their  effect  during  an  interval 
of  ten  minutes.* 

4.  Besides  the  prominences,  a  zone  exists  of  the 
same  material,  enveloping  the  whole  of  the  Sun's 
globe.!  '^^B  prominences  spring  from  this  envelope ; 
thej^  are  masses  which  raise  themselves  above  the 
general  level,  and  even  at  times  detach  themselves 
from  it.  Some  among  them  resemble  smoke  from 
chimneys  or  from  the  craters  of  volcanoes,  which,  when 
arrived  at  a  certain  elevation,  yields  to  a  current  of  air, 
and  extends  horizontally. 

5-  The  number  of  prominences  is  incalculable. 
When  observing  the  Sun  directly,  its  globe  appeared 
to  be  encircled  with  flames  ;  there  were  so  many  that 
it  seemed  hopeless  to  attempt  to  count  them. 

6.  The  height  of  the  prominences  is  very  great, 
especially  if  we  notice  that  account  must  be  taken  of 
the  portion  concealed  by  the  Moon.  Thus  estimatetl, 
the  largest  protuberance  vbible  in  1860  was  certainly 
not  less  than  three  minutes  in  height,  which  corre- 
sponds with  about  ten  times  the  diameter  of  the  Earth  ; 
the  others  had  a  height  of  from  one  to  two  minutes. 


■  I^ter  obeerfAtions  show  thiit  thia  opinion  niDit  be  modifled.  and 
th&t  though  maoy  of  tlia  large  pranua«ni!«e  cemiua  unchaiiged  id  figure 
for  K  cODiiiisrable  inteiml,  yet  otben  ch&Dge  verj  rspidly. 

t  OrBiit,  Swu,  and  Von  Littrow  had  alreadj  recognised  this;  and 
Lererriei',  from  obBerrittioaB  mode  during  ^e  some  eclipae,  bad  com«  to 
[he  nme  concliuioo.  Tbe  matter  ti  aUuded  to  Airther  on.  (See  uola 
b  pp.  290,  291.) 
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We  may  consider  that  the  prominences  were  finally 
placed  in  their  true  place  in  the  solar  scheme  by  the 
observations  made  in  1860.  Doubts  etitl  continued  to 
be  expressed  by  a  few ;  but  the  majority  were  satisfied  ; 
and  henceforth  the  coloured  prominences  were  very 
generally  r^arded  as  solar  appendages. 

It  may  be  well  to  consider  briefly  the  interest  of  this 
result  before  proceeding  to  inquire  into  the  reaearchea 
of  the  taet  few  years,  which  even  surpass  in  importance 
those  already  described. 

In  the  first  place,  it  must  be  remembered  that 
though  the  prominences  are  seen  all  round  the  circum- 
ference of  the  solar  di^c  they  do  not  really  form  a 
circle.  They  are  the  foreshortened  projections  of 
objects  which  may  lie — and  many  of  which  mutt  lie — 
thousands  of  tniles  from  that  circle  on  the  Sun  which  at 
the  moment  forms  the  apparent  boundary  of  his  disc 
We  know,  in  fact,  that  certain  prominences  are  as  hir;h 
as  three  minutes — that  is,  extend  to  some  800,000 
miles  from  the  Sun's  surface.  Xow,  supposing  a  b  c 
to  represent  a  part  of  the  Sun's  circumference,  and 
a  b  e  three  prominences  of  this  height,  an  obs^ver, 
viewing  the  Sun  from  a  point  at  a  great  distance  away 
towards  the  right  or  left  would  only  see  the  extr^ne 
tips  of  the  prominences  a  and  c,  while  he  would  see  the 
full  height  of  the  prominence  h.  But  lu  order  that 
these  two  prominences  should  be  thus  in  appearance 
sunk  below  the  solar  limb,  the  line  a  c  would  need  to 
be  about  500,000  miles  in  length.  So  that  if  there 
were  any  prominence  of  so  great  a  height  as  a.  A,  or  r 
alimg  any  part  of  the  arc  A  B  c  it  would  appear  to  rise 
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above  the  Sud'b  level.  Nor  need  we  modify  this  con- 
clusion on  account  of  the  layer  of  red  matter  which 
has  been  shown  by  the  obBervations  already  described  to 
Buiroimd  the  solar  globe,  since  undoubtedly  the  highest 
prominences  extend  considerably  more  than  three 
minutes  even  above  the  upper  surface  of  this  red  layer. 
But  now,  having  considered  a  side  view,  let  us  con- 
ceive the  case  of  a  view  from  above.  Suppose 
a'y  b',  and  c'  (fig.   68)   to  represent  the  same  three 


IllnstntingUiediHtnbutioaoC  large  promliieDcea  over  Ihe  tjua'a  suHW. 
prominences  brought  round  so  as  to  be  viewed  from 
above.  Then  the  actual  boundary  of  the  Sun  thus 
viewed  would  be  represented  by  the  circle  8  s',  such 
that  whereas  a'  c'  represents  500,000  miles,  8  s'  repre- 
sents 850,000  miles.  In  order,  therefore,  that  a  pro- 
minence of  the  full  height  of  80,000  miles  seen  from  a 
distant  point  lying  towards  the  right  or  left  may  be 
visible  above  the  level  of  the  red  envelope,  it  is  obvious 
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that  it  must  lie  somewhere  on  the  part  a  d  f  c,  so  far 
as  the  hemisphere  shown  in  fig.  68  is  concerned,  or  (»i  a 
similar  portion  of  the  other  hemisphere.  Now,  the 
curved  surface  a  p  bears  to  the  whole  surface  of  the 
hemisphere  b  d  b'  c  the  same  proportion  that  a'  </  bears 
to  8  s'.  Hence  the  extent  of  surface  on  which  a  promi- 
nence 80,000  miles  high  must  be  placed  in  order  that 
it  should  be  visible  from  a  distant  point,  is  about 
fifty  eighty-fifths,  or  ten-seventeenths  of  the  whole 
surface  of  the  Sun.  Hence  it  would  follow  that  if 
ten  such  prominences  could  at  any  time  be  counted  by 
the  observer,  then  only  some  seventeen  exist  in  all  pro- 
bability at  that  time  over  the  whole  surface  of  the  Suo. 
Furthermore,  it  is  easily  calculated  in  the  same  way 
that  for  a  prominence  really  as  high  as  those  which  seem 
three  minutes  high  to  appear  so  high  as  two  minutes, 
it  must  lie  on  a  zone  of  the  Sun  including  nearly  one- 
third  part  of  his  whole  surface ;  *  insomuch  that  if  even 

*  The  modeof  calculatioD  ia  exceedingly  simple.  Thus,  adding  twice 
three  minutes  to  the  3iia's  diameter  we  get  about  thirtj-cigbt  mincua 
(which  may  be  regarded  us  including  the  redlHyerMiaiUajtliree minutes 
forthe  promiuencee).  Saw,  for  a,  promineacereall;  three  minntea  high 
to  appear  at  least  two  minutes  high  (I  uae  minutes  here  as  a  caarrnieDt 
expression  both  for  real  nnd  nppnrent  height)  its  summit  must  obviously 
lie  Dot  Airther  tban  Vl  k  i!  minutes  from  a  great  circle  of  an  imagi- 
Iiarj  «phere  thir(.j.eight  minuWs  in  diameter,  thia  great  circle  being 
that  whose  plane  it  perpendicnilar  to  the  line  af  aight  from  the  observer. 
Thus  the  whole  zone  on  vrliieh  its  summit  may  lie  will  constitute  nther 
more  than  tvelre  thirty-eighths  of  the  surface  of  that  imagjuaiy  Ephrre, 
and  obrioualy  the  whole  zooe  on  which  its  base  may  lie  will  conatitule 
the  same  pcopiHlion — that  is,  nearly  one-third — of  the  surface  of  tlie 
Suu  itself. 

Tlie  general  rule  would  be  as  follows  : — The  totut  on  which  a  promi- 
nence— which  if  really  on  the  limh  would  appear  m  minutes  big)) — mnat 
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BO  many  as  ten  pnxnmences  of  this  height  could  at  saj 
time  be  counted  (which  cannot  hut  be  regarded  at,  a- 
very  exceptional  circumBtance)  then  only  ahout  thirty 
Buch  prominences  exist  in  all  probability  at  that  time, 
over  the  whole  of  the  San'a  surface.  In  Buch  a  case 
also  the  total  number  of  prominences  actually  viflihle 
above  the  level  of  the  red  layer  should  (by  the  result 
of  the  preceding  par^raph)  he  ten-seventeenths  of 
thirty,  or  ahout  eighteen, — unless,  besides  the  thirty 
prominences  of  the  height  mentioned,  there  were  other 
inferior  ones,  in  which  case  more  than  eighteen  would 
of  course  be  visible. 

It  follows  obviously  from  the  comparatively  small 
number  of  very  high  prominences  ordinarily  seen  either 
during  eclipses  or  by  the  methods  presently  to  be  de- 
scribed, that  even  if  the  astronomer  could  roam  at  his 
will  around  the  Sun  in  search  of  lofty  prominences, 
instead  of  being  limited,  as  he  is  in  reality,  to  a  single 
view  of  the  Sun  as  a  disc,  he  would  seldom  (if  ever)  be 
able  to  discover  many  of  these  amazing  objects.  Al- 
though, taking  eclipse  with  eclipse,  the  prominences 
cannot  he  regarded  as  exceptional,  since  every  total 
eclipse  yet  observed  has  revealed  one  or  more  promi- 
nences of  an  amazing  altitude,  yet  as  regards  the  Sun's 
surface  they  are  few  and  far'  between.    So  few,  indeed, 

lie,  in  onler  that  it  maj  not  appear  less  than  m'  mlnutea  higb,  cotsis  it 
»pa«of 

•when  d  ia  the  3du'b  appuent  diiunetei  in  minntes  and  S  the  Sun'i 
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must  they  be,  as  to  render  it  extremely  probable  thst 
not  one  of  those  yet  seen  has  been  so  exactly  on  the 
real  limb  of  the  Sun  aa  to  be  eeen  in  its  full  propor- 
tions ;  nor  would  it  be  very  hazardouB  to  assign  five  or 
six  minutes  as  a  height  to  which  the  highest  promi- 
nences, when  most  favourably  seen,  may  be  expected 
to  attain.*  So  that  we  may  regard  130,000  miles  as 
no  exaggerated  estimate  of  the  height  of  these  wonder- 
ful objects.  If  fig.  69  represents  a  flame  four 
minutes  in  height,  then  the  four  interior  (or  so-called 
Fia.  69. 


IllDBtniuug  luD  VLBt  scale  ut'  Uie  lurger  pnioiiDeneM. 

terrestrial)  planets  would  be  represented  on  the  same 
scale  by  the  four  small  discs  shown  on  the  conrolu- 
tions— Mercury  uppermost,  then  Venus,  the  Earth  and 
Moon,  and  Mars ;  while  even  the  giant  bulk  of  Jupi- 
ter would  bear  no  greater  proportion  to  the  enormous 
solar  prominence  than  is  shown  by  the  dimensions  of 
the  largest  disc  in  fig.  69. 

Let  UB  proceed,  however,  to  those  more  recent  re- 

*  Since  tbis  was  viiltea  I  ruceiTed  the  iccount  of  Hespighi'*  obser- 
vntionfl-  In  one  InstADce  he  has  veen  a  promiilellce  QO  leu  thai]  ux. 
mmotei,  or  aboat  160,000  mitea  in  hngbt. 
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eearcbes  b;  vliich  the  actual  coostdtution  of  the  pro- 
minenceB,  uid  even  ia  some  sort  the  part  they  play  in 
the  economy  of  the  Stm'a  globe,  have  been  ascertained 
by  aatronomers  and  physicists. 

Direct  obserratioQ  had  been  employed  during  the 
eclipses  of  1842, 1851, 1855,  and  1860.  Photographic 
recotds  bad  been  obtfuned  during  the  last  of  these 
eclipses.  Bat  a  method  of  research  more  powerful 
than  telescopic  observation  or  photography  iraa  now  to 
be  applied  to  the  solar  prominences.  These  objects, 
whether  regarded  as  self-luminous  or  as  shining  by 
reflecting  certain  portions  of  the  solar  light,  were 
clearly  well  suited  for  the  application  of  the  spectro- 
scope. That  powerful  mode  of  analysis  which  will 
detect  the  elements  present,  even  to  the  minutest  con- 
ceivable extent,  in  coloured  terrestrial  flames,  seemed 
to  promise  results  of  the  highest  interest  and  impor- 
tance whenever  it  should  be  applied  to  these  coloured 
solar  prominences. 

Accordingly,  Colonel  Tennant  (to  whom  astronomy 
owes  a  debt  of  gratitude  on  this  account)  early  called 
the  attention  of  the  scientific  world  to  the  importance 
of  studying  the  great  eclipse  of  August  18,  1868,  not 
only  with  the  telescope  and  by  means  of  photographic 
appliances,  but  under  the  searching  powers  of  the 
most  wonderful  method  of  research  yet  invented  by 
man. 

Accordingly,  two  well-furnished  expeditions  set  forth 
from  England,  supplied,  through  the  liberality  of  the 
Indian  Government  and  of  the  learned  societies  of  this 
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country,  witli  the  means  of  satjsfactorily  pursuing  the 
important  iDvestigations  which  had  been  euggeated  by 
Messrs.  Huggins,  De  La  Bue,  and  other  experienced 
BstronomeTS  and  physicists. 

In  the  first  place  it  will  be  well  to  conuder  the 
photographic  and  other  records  of  this  eclipse. 

I  have  selected  the  six  photographs  taken  by  Major 
(now  Lieut-CoL)  Tennant,  at  Guntoor,  as  not  only- 
affording  the  most  complete  illustration  of  this  particu- 
lar eclipse,  but  as  supplying  the  best  illustration  of 
eclipse  photographs  yet  obtuned.  The  length  of  time 
during  which  the  Indian  eclipse  lasted  gave  Major 
Tennant  the  means  of  taking  a  large  number  of 
records,  with  a  longer  exposure  than  was  possible 
during  the  American  eclipse ;  and  a  value  belongs  to 
one  series  taken  at  a  given  station  with  the  same 
instrument  and  by  the  same  proceRs  which  cannot  be 
assigned  to  a  larger  series  combining  the  labours  of 
different  observers.  It  is  on  this  account  that  I  have 
preferred  to  present  in  Plate  III.  the  photographs  of 
the  eclipse  of  1868,  rather  than  those  obtained  during 
the  eclipse  of  1869. 

The  instrument  employed  by  Major  Tennant  was  a 
Browning,  with  reflector  of  nine  inches  clear  aperture. 

'  It  was  determined,'  says  Major  Tennant, '  to  adopt 
the  Newtonian  form,  and  to  place  the  sensitive  plates 
at  the  side  of  the  tube  in  order  to  find  room,  which 
would  be  very  difficult  at  the  end  of  the  tube ;  the 
small  mirror  thus  rendered  necessary  was  made 
unusually  large  in  order  that  it  might  reflect  all  the 
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rays  from  a  surface  of  some  diameter,  and  it  was  hoped 
that  by  this  means,  and  by  giving  a  sufficient  exposure, 
a  picture  of  the  corona  might  be  secured ;  but  light 
clouds  BO  decreased  the  actinic  power  of  the  light  as  to 
defeat  this,  though  still  we  have  traces  of  the  corona.' 
Major  Tennant  remarks,  also,  that  although,  owing  to 
&e  towness  of  the  latitude,  an  entirely  new  design  was 
required,  while '  from  the  necessities  of  its  construction 
the  instrument  could  not  be  tried  before  being  sent 
out,'  yet  the  photographic  arraugements  were  very 
good  and  convenient,  the  instrument  very  firm  and 
steady,  while  the  force  required  to  direct  the  telescope 
was  very  small. 

The  weather  had  been  remarkably  clear  for  several 
days  before  the  eclipse,  and  a  magnificent  view  of  the 
phenomenon  would  have  been  obtained  had  August  16 
resembled  its  precursors.  But  unfortunately  on  the 
morning  of  the  eclipse  the  eastern  sky  was  clouded 
over  with  cumulo-stratus  clouds,  which  although  not 
sufficiently  dense  to  interfere  with  vision,  vere  very 
annoying  accompaniments  to  the  processes  of  solar 
phot<^caphy.  It  had  been  arranged  that  during  the 
ux  minutes  of  totality  six  plates  should  be  exposed. 
Notwithstanding  the  unfavourable  condition  of  the  air, 
this  arrangement  was  carried  out;  and  it  was  fortunate, 
as  it  turned  out,  that  no  longer  time  was  given  for  the 
exposure  of  the  successive  negatives,  since  otherwise 
they  would  in  all  probability  have  been  spoiled. 

Seigeant  Phillips  and  two  Sappers,  specially  trained 
for  the  purpose  at  Mr.  De  La  Sue's  observatory. 
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Cninford,  superintended  the  subordiaate  arrange- 
ments. 

Major  Tennant  thus  describes  tiie  eix  photographs 
(seePUtelll):— 

Photograph  1.  The  exposure  was  as  short  as  possi- 
ble— probably  less  than  a  second.  In  this  photograph 
some  glare  has  fogged  the  plate  a  little,  but  the  follow- 
iug  thiugs  are  noteworthy  : — First.  The  enoimous  horn 
ou  the  north  side,  whose  height,  as  derived  from  the 
Mood's  diameter  (about  thirty-four  minutes),  is  three 
minntes,  eighteen  seconds,  corresponding  at  the  distance 
of  the  Sun  to  88,900  miles.  Secondly.  The  ridge  of 
light  extending  round  the  upper  limb  of  the  Moon,  so 
bright  as  to  be  markedly  seen  through  the  thickest  of 
the  fog,  though  the  glorious  horn  is  paled.  Near  the 
horn  this  light  is  clearly  broken  into  beads,  afi  may  be 
seen  in  Mr.  James's  picture  of  the  horn,  and  is  occasion- 
ally double.  Thirdly.  At  its  southern  end  this  ridge  is 
terminated  by  a  protuberance  of  singularly  complicated 
structure. 

Photograph  2.  Taken  almost  exactly  one  minut« 
after,  and  exposed  for  five  seconds.  '  Korth  of  the 
great  horn  we  see  a  peculiar  and  faint  figure,  shaped 
(generally)  like  a  bow,  but  with  intemiptionB  and 
nuclei  of  light,  and  having  an  arrow-like  spike  in  the 
middle  of  its  base.  Next  we  have  the  great  born, 
which  has  here  been  over-exposed.  The  Moon's  limb 
has  advanced  as  far  as  the  point  where  the  two  lower 
branches  seen  in  No.  I  meet,  leaving  only  a  trace  of 
the  bifurcation,  and  the  upper  part  of  the  horn  is  of 
course  larger  than  in  No.  1,  as  fainter  parts  have  come 
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into  Tiew.  When  this  photograph  is  well  illumioated, 
traces  of  the  spiral  structure,  so  apparent  in  the  rest, 
are  seen;  but  it  would  be  difficult  to  recognise  it 
without  the  other  pictures.  Pacing  on,  the  Moon's 
limb  is  on  the  edge  of  the  fmntly  luminous  stratum  I 
bave  described  in  No.  1,  which  is,  of  couree,  now  far 
more  marked ;  and  as  we  approach  the  south  we  see 
the  promiDences  mentioned  under  Ko.  1  aa  being  in 
the  faiot  stratum,  and  theu  reach  the  upper  part  of  the 
former  terminal  prominence,  where  the  long  exposure 
has  now  blotted  out  all  traces  of  structure.' ' 

Photograph  3.  Exposed  one  miuute  six  seconds  later, 
.and  for  ten  seconds.  *  It  is  eTidently  less  affected  by 
light  than  No.  1,  and  was  probably  taken  through  a 
light  cloud.  Here  the  great  horn  again  claims 
attention  ;  its  spiral  structure  is  now  clearly  made  out. 
The  outline  of  the  Moon  is  wanting  till  we  reach  the 
south  terminal  protuberance  of  No.  1,  which  is  now 
nearly  hidden ;  and  in  its  neighbourhood  we  agun  see 
the  flare  of  which  1  spoke  in  describing  No,  2.' 

Photograph    4.    Exposed    fifty -two   seconds    later, 

nod  for  five  seconds.     *  Nothing  is  seen  but  the  great 

horn,  but  that  picture   is  of  singular  beauty.     The 

continually   varying   intensity   of  the   light   and   its 

•  markedly  spiral  structure  are  the  material  points.' 

Photograph  5.  Exposed  one  minute  three  seconds 

>  '  The  Deigbbonrbood  of  both  thc^e  promiDeDces  is  inark«l  by  ligbt, 
flaring  into  tbe  coronn  in  irregalailj-cuiral  lines,'  adds  Higor  TcniiBut, 
*  mod  this  csnrtpoDds  to  the  part  of  Um  coiona  which  bat  been  deKiibwl 
b;  C^toio  Bnn&U  ud  othera  as  most  bright.'  This  icnurk  will  be 
foDod  important  when  we  are  upon  tbe  subject  of  tbe  corona. 
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later,  and  for  a  short  interval  only.  '  The  great  horn 
is  still  conspicuous  on  the  east  aide  of  the  disc ;  and 
the  outline  of  the  Moon  is  marked  round  three-quar- 
ters of  the  circumference.  The  top  of  a  prominence 
on  the  north-weet  aide  of  the  limb  is  seen.' 

Photograph  6.  This  plate  was  exposed  but  for  a 
short  time,  like  the  first  and  fifth,  and  one  and  a  half 
minutes  after  the  last.  'It  is  a  picture  as  late  as  it 
was  thought  prudent  to  take  it  during  the  absence  of 
the  Sun.  On  the  south-east  side,  where  the  corona 
was  brightest,  are  traces  of  it ;  and  the  whole  limb 
from  north  to  south-west  shows  a  trace  of  corona,  and 
a  series  of  beautiful  protuberances,  only  one  of  which, 
however,  is  large.  In  the  original  it  appears  inflated. 
To  me  it  resembles  exactly  a  toy  balloon  in  the  shape 
of  an  animal.  There  is  a  mark  as  of  an  open  moutli ; 
the  eye  and  the  neck  are  marked,  and  the  tail  stands 
out  stiffly  behind.  I  mention  these  details  becaas« 
they  complete  the  appearance  of  infiation  by  the  re- 
semblance they  cause  to  what  one  has  seen  in  that 
state.  I  would  especially  draw  attention  to  the  appear- 
ance as  of  a  strong  current  of  air  (so  to  speak)  blo\vii)g 
from  north  to  south,  and  bending  over  and  even 
detaching  and  carrying  away  the  tops  of  prominences.' 

It  is  well  worthy  of  notice,  also,  that  the  horn  still 
continues  partly  visible.  It  cannot,  indeed,  hare  been 
completely  hidden  even  at  the  moment  when  the  Sun 
was  about  to  reappear.* 

•  I  thinl  tli«  account  would  be  iDcomplete  vew  I  not  to  qnote  tht 
gcniioiu  remariH  iriUi  which  Major  Tennaiit  eloN*  lhi«  wction  of  hi* 
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At  (itlier   places   along   the   track   of  the   eclipse 
similar  appearances  were  perceived  ;  nor  have  we  any 


The  eclipsfd  Sud,  August  1860  ;  photogriirliHl  a 


report.  '  Thrcogbont,'  he  Bays, '  1  hnve  spoken  of  iny!<o>f  as  sburlDg  in 
the  photogmph;.  I  certainly  eipoeed  and  derctoped  a  iew  plates,  and 
generally  Hiiperiiit«iided  all  that  went  on,  and  so  far  I  was  the  siiperin- 
Ctndent  of  this  depertmsiit ;  bat  the  trouble  of  endeavouring  to  break 
in  new  and  UDnkilled  handii,  and  of  fairying  out  the  details,  fell  on 
Sergeant  Phillips,  to  whose  sleadineas  and  determination  10  succeed, 
the  result  in  this  matter  is  maiclf  due.  Be  wa»,  moreorer,  most  nsefol 
T  2 
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distinct  evidence  pointing  to  a  change  of  6gure  during 
the  piY^ress  of  the  Moon's  shadow  from  Aden,  in  the 
west,  to  Mantawaloc  Kekee,  the  most  easterly  station 
where  the  phenomena  of  the  eclipse  were  witnessed  by 
competent  obaervera.  The  accompanying  picture(fig. 
70)  i;epresents  the  eclipse  as  photographed  at  Aden 
about  forty  minntes  before  the  shadow  reached  Gun- 
toor.  There  is  little  in  this  picture  to  establish  the 
occurrence  of  a  change  of  figure  in  the  *  great  bom 
prominence.  In  comparing  it  with  Major  Tennant's 
views  it  must  be  remembered  { in  justice  to  the  Genoan 
phot<^raphers)  that  the  atmospheric  conditions  were 
much  less  favourable  at  Aden,  where  the  eclipse  oc- 
curred very  shortly  after  sunrise.  In  the  next  chapter 
a  picture  (fig.  84)  of  the  eclipsed  Sun  as  seen  at  the 
extreme  easterly  station,  Mantawaloc  Kekee,  exhibits 
a  tolerably  close  general  accordance  with  M^or 
Tennant's  views.  Other  pictures  and  descriptions 
need  not  here  be  referred  to,  because  they  differ  in  no 
essential  respects  from  those  relating  to  previous 
eclipses. 

Had  the  work  done  during  this  eclipse  been  limited 
to  what  I  have  hitherto  described,  the  results,  however 
interesting,  would  not  have  advanced  in  any  important 
i-esiwcts  our  knowledge  of  solar  physics.  We  have 
now,  however,  to  consider  far  more  important  results. 

At  nearly   all  the  stations  preparations  had  been 

in  other  srajo,  for  I  could  alirayB  rely  oa  hia  oare,  «nd  vas  thus  pnab1.il 
to  avoid  conBtaat  eipoxiire  to  the  Sun.  Indirectljr  he  has  beeo  llie 
means  tlierefoTe  of  fkcilitatiiig  my  otber  work.' 
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made  to  observe  the  coloured  prominences  and  the 
corona  with  the  spectroscope.  All  the  spectroscopic 
observers  were  successful  in  detennining  the  general 
character  of  the  prominence  spectrum.  I  select  the 
graphic  and  lively  narrative  of  Lieut,  (now  Captain) 
Herschel,  wlio  commanded  the  expedition  sent  out  by 
the  Royal  Society,  and  observed  the  eclipse  at  Jam- 
khandi.  '  The  week  preceding  the  event,'  he  writes, 
'  had  quite  prepared  me  for  disappointment.  There 
seems  to  be  an  annual  cloudy  and  rainy  season  at 
Janikhandi,  which  lasts  about  a  fortnight,  and  was 
said  to  be  somewhat  more  marked  than  usual  this  year. 
The  morning  broke,  however,  as  usual — clear,  but  the 
driving  monsoon -clouds  soon  showed  the  kind  of  sky 
we  were  to  expect.  About  a  quarter  of  a  minute  be- 
fore totality  a  third  cloud  obscured  the  Sun.'  He  had 
directed  the  spectroscope  towards  that  part  of  the  Sun 
which  would  be  the  last  to  disappear,  and  was  watching 
the  solar  spectrum  as  it  grew  gradually  narrower  and 
narrower.  It  will  be  understood  from  what  has  been 
said  towards  the  close  of  Chapter  111.  that  the  moment 
this  spectrum  disappeared  the  spectrum  of  the  promi- 
nence matter  (or  failing  the  presence  of  such  matter, 
the  spectrum  of  the  corona)  would  start  into  view. 

*  You  may  conceive,'  he  says,  addressing  Dr.  Huggins, 

*  my  state  of  nervous  tension  at  this  moment.  What- 
ever the  corona  was  competent  to  show  must  in  a  few 
seconds  have  been  revealed ;  unless,  indeed,  it  should 
happen  that  a  prominence  or  sierra  should  be  situated 
at   that   particular   spot,   in   which   case   the   double 
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spectrum  would  be  presented.  But  the  solar  spectrunn 
faded  out  while  it  had  still  appreciable  width,  and  I 
knew  a  cloud  was  the  cause.'  He  turned  to  the  fiuder 
of  the  telescope,  removed  the  dark  glass,  and  wait«d 
for  the  passage  of  the  cloud.  As  the  telescope  was 
mounted  so  as  to  follow  the  motion  of  the  Sun  by 
means  of  clockwork,  there  was  simply  nothing  to  be 
done,  '  I  was,'  he  writes, '  in  that  fever  of  philosophi- 
cal impatience,  which  recognises  the  futility  of  irrita- 
tioD  even  while  it  chafes  under  the  knowledge  of 
fleeting  Beconds.  How  long  I  waited  I  cannot  say — 
perhaps  half  a  minute.  I  can  well  recall  the  kind  of 
frenzied  temptation  to  turn  screws  and  hofi  lomacherr 
the,  checked  by  the  calm  ticking  of  the  clock  telling  of 
a  firm  hold  in  the  right  place,  cloud  or  no  cloud.  And 
soon  the  cloud  hurried  over,  following  the  Moon's 
direction,  and  therefore  revealing  first  the  upper  edge 
of  the  disc,  with  its  radiating  and — as  I  fancied — 
scintillating  corona;  and  then  the  lower.  Instantly  I 
marked  a  prominence  (of  whose  identity  there  will  be 
no  question)  near  the  needle  point  in  the  finder.  Those 
few  seconds  of  unveiling  were  practically  all  that  I  saw 
of  the  eclipse  as  a  spectacle.  With  the  exception  of  a 
hurried  glance  into  the  finder  at  a  later  period  to 
watch  for  another  break,  I  was  the  whole  time  engaged 
at  the  spectroscope.  I  have  not  the  remotest  idea  (from 
actual  experience)  of  the  external  phenomena  which 
were  presented  to  the  thousands  of  upturned  faces  of 
those  whose  voices  I  beard  outside,  I  ought  eanly 
have  lifted  the  curtain  and  looked  out  while  the  clouds 


THE  PROMINENCES  AND  CHROMOSPHERE.     279 

were  obsMnctiiig.  That  I  did  not  do  so  is  only  to  be 
explained  by  the  absence  of  mind  as  regarded  all  elae, 
produced  by  the  concentration  of  my  attention  on  the 
pmblem  before  me.'  Besuming  the  narrative  of  his 
obgervations,  Lieut.  Herschel  proceeds: — 'A  rapid 
turn  of  the  declination-screw  corered  the  prominence 
with  the  needle  point,  and  in  another  inetant  I  was  at 
the  spectroacope.  A  single  glance,  and  the  problem 
was  solved.  Three  vivid  lines — red,  oratige,  and  bluet 
I  think  I  was  a  little  excited  about  this  time,  for  I 
shouted  quite  imnecessarily  to  my  recorder,  "Red I 
green  I  yellow  t "  quite  conscious  of  the  fact  that  I 
meant  orange  and  blue.' 

The  problem  was  indeed  in  a  general  sense  solved. 
Among  all  the  ideas  that  had  been  put  forward  respect- 
ing the  actual  constitution  of  the  prominences  one,  and 
one  only,  now  remained  available.  Had  the  prominences 
been  self-luminous  solar  mountains  or  clouds  (properly 
so  called)  a  continaous  spectrum  would  have  been 
seen ;  had  they  been  bodies  which  shine  by  reflecting 
solar  light  the  rainbow-ttnted  streak  crossed  by  dark 
lines  which  forms  the  solar  spectrum  would  have  made 
its  appeuimce.  The  sole  remaining  theory  was  that 
the  prominences  consist  of  glowing  gaseous  matter. 

But  it  remained  now  to  determine  what  the  nature 
of  this  matter  might  he.  To  this  work  Lieut 
Herschel  turned  his  attention,  and  to  this  work  also  all 
the  observers  who,  like  him,  had  succeeded  in  solving 
the  general  problem,  devoted  themselves  during  the 
remaining   minutes    of  totality.      The    results    they 
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obtained  may  be  thus  sumnied  up : — Herschel  noted 
three  lines — a  red  one,  which  he  regarded  as  possibly  c, 
the  red  line  of  hydrogen ;  an  orange  one,  which  he 
regarded  as  ahnost  certainly  D,  the  orange  (double 
line)  of  sodium ;  and  a  blue  one,  which  he  thought  might 
possibly  be  f,  the  blue-green  line  of  hydrogen.  Major 
Tennant  saw  five  lines,  which  he  associated  with  the 
lines  c,  D,  b,  f,  (probably)  and  G.  M.  Janssen  saw  six 
— red,  yellow,  green  (two),  blue,  and  violet,  and  esta- 
blished the  coincidence  of  the  red  and  blue'  lines  with 
the  lines  c  and  F.  M.  Rayet  saw  no  lees  than  nine  linen, 
five  of  which  he  rect^nised  as  brighter  than  the  rest; 
these  he  associated  with  the  lines  B,  d,  e,  b,  and  f. 

But  we  need  not  consider  the  evidence  on  which 
these  various  determinations  rest,  since  a  new  and 
far  more  effective  mode  of  observation  was  to  place 
beyond  all  possibility  of  question  the  tme  position  of 
these  several  lines,  and  of  others  as  yet  undetected. 

M.  Janssen  had  been  struck  during  the  progress  of 
the  eclipse  by  the  exceeding  brilliancy  of  some  of 
the  bright  lines  which  formed  the  prominence  spectrum. 
'  Imm^diatement  apr^  la  totality,'  he  writes,  '  deux 
magnifiques  protuberances  ont  apparu :  I'une  d'etles, 
de  plus  de  trois  minutes  de  hauteur,  brillait  d'une 
splendour  qu'il  est  difficile  d'imaginer.'  As  he  looked, 
the  idea  seized  him  that  these  lines  might  be  seen 
when  the  Sun  is  not  eclipsed.  He  cried  out,  he  tells 
us, '  Je  reverrai  ces  lignes-lft  V 

The  principle  by  which  he  hoped  to  effect  this  will  be 
understood  by  the  reader  who  has  carefully  studied  the 
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latter  portion  of  Chapter  III.  Briefly  re-stated  it  is 
this :  The  light  of  the  prcminences  when  diepereed  by 
the  spectroscope  forms  a  few  lines ;  that  of  the  illumi- 
nated  terrestrial  atmosphere  is  spread  out  into  the 
rainbow-tinted  solar  spectrum.  Therefore,  if  we  only 
use  adequate  dispersive  power,  we  can  cause  the  pro- 
minence-lines to  show  conspicuously  on  Uie  background 
of  dispersed  atmospheric  light. 

,  Clouds  which  gathered  over  the  face  of  the  Sun  soon 
after  totality  prevented  M.  Janssen  that  day  from 
pursuing  this  idea.  But  on  the  morrow  he  applied  it 
with  complete  success.  '  I  have  experienced,'  he  said, 
'  to-day  a  continuous  eclipse.' 

We  have  seen  how  it  becomes  possible  by  this 
method  not  only  to  recognise  the  spectrum  of  a  pro- 
minence during  full  daylight,  but  by  a  series  of  sec- 
tional views,  so  to  speak,  to  determine  the  figure  of  a 
prominence.  To  this  work  Janssen  applied  himself, 
and  he  was  presently  able  to  forward  to  Europe  news 
of  bis  complete  success  in  this  new  branch  of  research. 

The  news  of  this  important  discovery  was  nearly  tw6 
months  in  reaching  Europe,  and  a  few  days  before  it 
arrived  Mr.  Lockyer  had  independently  obtained  a 
similar  result.  The  liistory  of  his  work  and  of  the 
way  in  which  it  was  suggested  is  not  without  interest. 
-In  May  1866,  Dr.  Huggins  had  examined  the  spectnim 
of  the  star  which  blazed  out  suddenly  in  that  year 
in  the  constellation  Corona.  He  found  that  this  star — 
now  known  as  T  Coronte  * — gave  a  spectrum   which 

*  Id  Mr.  Boecoe's  rsluable  irork  on  apectroacopif  siuiJjsiB,  tbis  star 


282  THE  SU.V. 

dilfered  altogether  from  any  he  bad  previously  ex- 
amined. There  was  the  runbow-tinted  streak  crossed 
by  dark  lines  which  ordinarily  forms  the  spectrum  of 
a  star ;  but  over  thb,  and  obviously  correspoBding  to 
a  large  proportion  of  the  star's  light,  there  were  bright 
lines.  These  bright  lines  corresponded  in  position  with 
the  lines  belonging  to  hydrogen ;  so  that  Dr.  Hu^ins 
wan  able  to  pronounce  that  the  great  increase  in  the 
star's  light  was  due  to  an  outburst  of  glowing  hydn^en. 
Afterwards  he  found  that  other  stars,  and  notably  the 
middle  star  in  the  conspicuous  W  group  of  Cassiopeia, 
show  bright  lines,  superposed  on  the  rainbow-tinted 
background,  though  relatively  far  less  bright  than 
those  seen  in  the  spectrum  of  T  Corons.  In  these  cases, 
also,  the  lines  were  those  of  glowing  hydrogen. 

Here,  then,  was  a  perfectly  apt  illustration  of  the 
principle  dwelt  on  in  the  concluding  part  of  Chapter 
III.  Here  were  the  lines  of  a  certain  element  rendered 
separately  visible  as  bright  lines,  though  the  total 
amount  of  light  received  from  the  glowing  hydrogen 
was  not  necessarily  (in  the  case  at  least  of  the  star 
in  Cassiopeia)  equivalent,  or  nearly  so,  to  the  re- 
maining portion  of  the  star's  light.  The  concentiBr* 
tion  of  the  light  into  three  definite  lines  enabled  it  to 

is  &lwnyB  raferred  to  u  r  Coroiue.  TbU  ii  k  miBtoka.  The  star 
T  CoioDn  ia  &  Tell-knoTD  fifth-magnitude  itar  towudu  the  north  of 
the  eoDBtelUtJoa.  The  realruriable  (ordiuuil;*  toatb-magiutade  Mar) 
liei  to  the  south  of  all  the  conipicooiu  ets»  of  Coronft.  It  ia  callad  T 
in  accordance  wilb  tite  nla  by  which  the  VBiiablea  aucceaairely  dis> 
corered  in  a  eoMtellation  are  named  ttom  the  last  leUen  of  Um  alpha- 
bet, beginning  with  R, 
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pievoil,  as  far  as  intrinsic  brightoess  waa  concerned, 
over  the  diffused  light,  absolutely  greater  in  amount, 
wbich  fijimed  the  rainbnw-tinted  streak. 

We  cannot  wonder,  therefore,  that  the  idea  should 
at  once  luve  been  suggested  that  if  any  portions  of  the 
Sun — as,  for  example,  the  coloured  prominences — con- 
sist of  glowing  gas,  the  spectrum  of  such  jiortions 
might  be  recognisable  even  lunidst  the  spectrum  of 
the  far  more  intense  light  (so  far  as  absolute  brightness 
is  concerned)  of  the  soUr  photosphere. 

Mr.  Lockyer  was  preparing  about  this  time  to 
undertake  a  careful  scrutiny  of  the  photosphere  with 
more  powerful  spectroscopic  appliances  than  had  yet 
been  employed.  Amongst  the  expectationa  which  he 
funned  at  that  time,  there  is  a  reference  to  the  problem 
jtresented  by  the  [u-ominences.  It  may  be  interesting 
to  give  at  full  length  the  concluding  words  of  the 
paper  he  addressed  to  the  Koyal  Society  :— 

'  Seeing  that  spectrum  analysis  has  already  been 
applied  to  the  stars  with  such  success,  it  is  not  too  much 
to  think  that  an  attentive  and  detailed  spectroscopic 
examination  of  the  Sun's  surface  may  bring  us  much 
knowledge  bearing  on  the  physical  constitution  of  that 
lumioary.  For  instance,  if  the  theory  of  absorption  be 
true  (!)  we  may  suppose  that  in  a  deep  spot  rays  might 
be  absorbed  which  would  escape  absorption  in  the 
higher  strata  of  the  atmosphere ;  hence,  also,  the 
darkness  of  a  line  may  depend  somewhat  on  the  depth 
of  the  absorbing  atmosphere.  May  not  also  some  of 
the  variable  lines  visible  in  the  solar  spectrum  be  due 
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to  absorption  in  the  region  of  the  spots  F  and  may  not 
the  spectroscope  afford  ua  evidence  of  the  existence  of 
the  '  red-flames '  which  total  eclijues  have  re%'ealed  to 
us  in  the  Sun'a  atmosphere,  although  they  escape  all 
other  methods  of  observation  at  other  times  ?  and  if  so 
may  we  not  learn  something  from  this  of  the  recent 
outburst  of  the  star  in  Corona?' 

It  does  not  appear  quite  clearly  from  this  passage 
whether  Mr.  Lockyer  expected  (as  De  La  Kuo  had 
before)  to  find  traces  of  the  prominences,  when  examin- 
ing the  Sun's  surface,  or  whether  it  fell  in  with  bis 
plans  to  examine  outside  the  Sun's  disc  But  the 
latter  is  the  more  probable  explanation.  The  grant  he 
asked  for  from  the  Koyal  Society  was  allowed  him, 
and  the  construction  of  a  suitable  spectroscope  was 
entrusted  to  Mr.  Browning  (after  a  delay  consequent 
on  the  death  of  Mr.  Cooke).  In  the  meantime 
Dr.  Huggins  applied  his  spectroscope  unsuccessfully 
to  the  search,  and  Fr.  Secchi,  who  had  thought  of 
examining  the  Sun's  edge,  gave  up  the  attempt  on 
hearing  of  Mr.  Lockyer's  failure  to  detect  anything 
remarkable  there.* 

AVhether,  supposing  no  further  discoveries  had  been 
made,  Mr.  Lockyer  would  have  succeeded  in  rec(^- 
nising  the  bright  lines  of  the  prominences,  is  one  of 
those  questions  which  never  can  be  answered.     For 

*  'Era  gii  gmii  tempo  cheiiTaTamD  intcnilone  di  eHpIoraie  1'  orlo  d^l 
sole  con  lo  epottroscopio,  ma  1'  adaicurazione  datn  da  molti  abili  ossernt- 
tori  e  dill  Sig.  Lochjer  atesso,  che  Dulla  Tedev&s[  di  pid  all'  orlo  d<'l 
disTO  die  al  centro,  ce  ne  area  dislolto.' — Memima  Ui.  nyli  tptttriprU- 
natici  di'  cerpi  edati. 
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my  own  part,  I  cannot  but  think  that  he  would 
assuredly  have  succeeded  in  the  long  run,  even  if  the 
Indian  expedition  had  been  a  failure.  My  reason  for 
believing  this  is  that  Mr.  Browning  had  so  eucoessfully  . 
mastered  the  optical  conditions  of  the  problem  as  to 
ensure  complete  success  on  the  obserrer's  part,  when- 
ever the  examination  of  the  Sun's  limb  should  be 
thoroughly  undertaken.  However,  owing  to  one  cause 
and  another,  there  ensued  considerable  delay  before 
Mr.  Lockyer  attempted  to  make  the  required  observa- 
tions; and  in  the  meantime  news  came  to  England 
that  the  spectrum  of  the  prominences  included  three 
conspicuous  bright  lines.  This  placed  it  out  of  Mr. 
Lockyer's  power  to  discover  the  lines ;  but  it  was  still 
left  for  him  to  show  that  they  can  be  sefin  when  the 
Sun  is  not  eclipsed.  Two  months  after  the  eclipse  he 
announced  that  he  had  so  seen  them  -,  and  the  story 
runs  that  some  iive  minutes  or  so  before,  the  announce- 
ment of  Janssen's  prior  success  had  been  received  by 
the  President  of  the  Imperial  Academy  at  Paris,  a 
communication  from  Mr.  Lockyer  to  a  similar  effect 
had  been  read  to  that  learned  body.* 

■  M.  Faje,  while  admitting  Mr.  LoclyeF's  claim  to  the  iadepmdent 
FKognitiun  of  the  visibility  of  the  liaei  without  eclipse,  eipnissi^  s 
feelii^  of  ngret  thfit  the  meie  dist&ncs  between  India  sad  Europe 
ohould  have  presented  France — an  Tepresented  bj  M.  Janssen  —from 
enjojiug  the  full  credit  of  the  discorei;.  There  ii  Bompthing  almost 
childish  in  this  mods  of  viewing  the  nutter.  How  H.  jHnHscn'a 
credit  can  be  diminished  becHuse  Mr.  LockyeriDdppendentI;  effected  the 
Hune  obterratioii  it  would  be  hard  indeed  tu  say.  But  this  is  not  hM.  It 
iipsms  to  us  that  nothing  can  be  more  mischierooB  to  scienre  than  the 
promolgation  of  the  idea  t^At  mere  priority  in  making  nnd  announcing 
an  observMioa  ie  to  affiird  the  diief  metunrt  oi  the  credit  to  be  assigned 
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Soon  after  Secchi  succeaafuUy  applied  the  same 
method,  as  did  Dr.  Huggins,  irhose  spectroscope  was, 
however,  not  altoj^ther  well  adapted  to  the  worlc, 
having  been  specially  designed  for  stellar  researches. 

It  was  a  peculiarity  of  the  new  mode  of  observing 
the  prominence-spectrum  that  it  enabled  the  observer 
to  determine  at  his  leisure,  and  in  a  much  more  satis- 
factory manner  than  had  been  possible  during  the 
eclijwe  of  1868,  the  true  position  of  the  prominence- 
lines,  their  characteristics  as  respects  shape  (the  eig- 
niJicance  of  which  feature  has  been  already  referred  to, 
p.  146),  and  also  theexistenceoflines  which  had  escaped 
observation  while  the  eclipse  was  in  progress.     It  is 

lo  Ihe  oliserTer.  If  this  nm  ao,  the  wispst  (thoneh  most  selfish) 
courw  whii-h  the  Bfucients  of  Kierce  could  follow  would  be  lo  conceiil 
all  original  idms  as  U>  modts  of  obseiration  or  processes  of  wgcareh 
nndl  tliey  could  nppiy  those  ideas  on  their  own  accoant.  Now,  thctrae 
lover  of  science  cannot  do  Chia.  He  feels  bound  to  publish  wiay  such 
ideas  at  once,  let  who  will  adopt  and  utilise  them  (and  let  who  will 
olitain  credit  for  the  resoll).  There  may  he  eleTenieaa  in  a  mow 
diplomatic  rourse,  but  there  is  no  true  lore  of  science. 

I  may  add  that  as  regards  the  question  of  prioricj  in  this  matter 
more  importance  might  he  attached  to  it  were  it  not  well  known  that 
uft«T  Dr.  Bu^db's  observations  of  T  CoroMS,  the  principle  on  which 
the  new  mode  of  observation  Ksta  was  recognisMi  by  all  who  undersbutd 
spectroscopic  analysis.  Like  the  discovery  of  Sun-spots,  therefore,  this 
recognition  of  the  promineoce-lines  in  full  daylight  was  an  inevitable 
sequel  of  the  constTnction  ol  an  adequately  dispersive-spectroscopic 
buttery.  Thii  was,  howerer,  a  work  reqairing  a  dsgree  of  skill  on  the 
purl  of  the  optician  who  was  to  devise  the  instrument  which  should 
cause  ua  to  assign  no  inconsiderable  share  of  the  credit  to  him.  M. 
Janssen,  I  believe,  devised  the  prineipls  of  the  battery  he  emploj'ed. 
The  batteiy  employed  by  Mr.  Lockyer  was  constnicted,  ss  already  men- 
tioned, by  Mr.  Browning,  the  inventor  of  the  aatomuic  spectrosM^. 
Mr.  Lockyer  tells  us  that  it  so  perfectly  ftilflls  the  required  conditions 
that  the  least  ei^erieaeed  observer  can  tee  the  prominence-Unes. 
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obvious  that  the  Bpectnim  of  the  Sua's  limh  seen  at 
the  same  t!me  (or  that  of  the  illumiosted  terrestrial 
atmosphere)  affords  the  most  Batisfactor;'  meaos  of 
determining  the  position  of  the  bright  pronaioence-lines ; 
for  there  in  the  solar  spectrum  are  those  very  lines — 
the  dark  lines  c  and  d  and  F,  and  so  on — with  which 
the  eclipse  observers  had  associated  the  bright  lines. 
It  is  only  necessary  to  see  whether  those  dark  lines 
coincide  in  jKtsiiion  with  the  bright  ones  (see  Bgs.  36, 
37,  and  38,  in  which,  however,  but  a  few  dark  lines 
are  shown)  in  order  to  tell  whether  the  bright  promi- 

Fm.71. 


nence-Hnes  are  or  are  not  due  to  the  presence  of  those 
particular  elements  to  which  the  solar  dark  lines 
belong. 

Janssen  found  in  this  way  that  the  orange  line  of  the 
promiaence^  does  not  correspond,  as  had  been  thought, 
with  the  D  or  sodium  (double)  line  of  the  solar  spectrum. 
He  found,  however,  that  the  red  and  blue  prominence- 
lines  do  actually  coincide  with  the  c  and  F  lines  of 
hydrogen.  So  that  these  enormous  objects,  extending 
in  some  instances  to  a  height  of  more  than  80,000  miles 
above  the  Sun's  surface,  consist  in  part,  at  least,  <^  the 
glowing  vapour  of  hydrogen. 

But  it  was  possible  to  recognise  other  lines  besides 
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these  three  by  the  new  method,  when  an  instrument 
of  adequate  disperaive  power  was  employed.  The 
accompanying  picture  (fig.  72),  for  example,  exhibits 
the  spectrum  of  a  prominence,  and  of  the  adjacent 
portion  of  the  Sud'b  limb,  aa  shown  by  Mr.  Lockyer's 
spectroscope.  It  will  be  seen  that  the  double  line  of 
Bodinm  as  well  as  three  lines  of  the  magnesium  speo 
trum  are  shown.  It  is  only  necessary  to  suppose  that 
M.  Kayet  saw  the  two  close  double  lines  as  single  ones 
in  order  to  account  exactly  for  the  nine  lines  seen  by 
him.* 

*  The  follawing  ia  Fr.  Secchi's  description  of  Chn  prlndpol  licoa  Eeeo 
in  tkfl  promLnftnce-apectram  under  ordin&rj  conditions  : — 

>  The  tine  c  of  hydrogen,'  he  says,  'is  the  most  e&ail;  seen  of  all.  It 
BOmetimea  reaches  the  enormooi  height  of  dure  minuCra,  indicating  the 
prosenco  of  anch  colossal  promineDcw  aa  are  seeo  during  eclipses.  On 
the  limb  of  the  Son  genemllj  the  height  of  dua  line  u  very  urcgoUr, 
and  on  tho  average  attntDS  to  from  ten  to  fliteen  awonda.  This  line 
also  flitenda  in  a  well-marked  manner  Tithin  the  limb,  orerlappii^  the 
disc  by  ten  seconds  and  more.  Yettiuther  on  the  disc  there  is  a  region 
where  the  line  canaot  be  seen,  being  neither  bright  nor  dark,  but  of  the 
game  lint  exactly  as  the  neighbouring  pert  of  the  spectrum,  which  is 
thua  in  this  part  of  ita  length  continuona  and  uniformly  brighL  With 
a  slit  placed  parallel  to  the  limb  the  space  throughout  which  the  line 
disappeora  is  often  consideraLiIy  extended.  Outside  the  disc  the  line  is 
much  brighter  near  its  base  than  at  the  summit,  and  the  Lns  is  dilated 
nt  (he  base,  and  seems  to  terminate  in  a,  point  where  its  light  &des  oS^ 
nntil,  as  I  bare  already  said,  it  becomes  of  the  sume  btightnesi  as  the 
neighbouring  part  of  the  spectnim  before  becoming  a  dark  lioa.  Out- 
side the  Sua  the  line  is  bounded  by  two  dark  lines,  which  appeair  at 
firat  sight  to  be  the  effect  of  contrast,  but  may  probably  hare  anoUuz 
and  a  real  cause.  The  bright  line  is  often  formed  of  knots  and  s^niate 
pieces,  which  are  evidently  so  many  frugments  of  difRirant  prominGneei^ 
placed  one  beyond  the  other  and  nneqnally  brighL  If  the  apertore  of 
the  slit  be  cDlocged  as  mnch  as  is  possible  without  rendering  tile  light 
unbearable,  the  bright  line  of  the  rose-coloured  fringe  is  seen  ta  be 
marked  by  irregularities  which  are  due  to  the  roughness  of  tcxtun 
(Koinmti}  of  the  prominences  themselrea.' 
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Mr.  liockyer  was  piesently  able  to  confirm  the 
views  of  Grant,    Secchi,  and  others,  who   had,  as 


After  mantioning  that  he  hM  bran  able  to  appl;  Jaiuien'*  method 
of  determining  the  ihupe  of  the  promineDces  by  tAking  Ime-ue^DUa, 
Secehi  remarka  that  he  hai  often  tried  to  determine  whethsr  there  ia 
anj  fixed  I»  aa  ngarda  the  direction  in  which  tbe  praminencea  are 
bent,  but  hsa  hitherto  not  (ueeeeded  in  tracing  anjr. 

'  The  line  in  the  yellaw,  near  tbe  aodinm  linea,  it  about  twice  and  a 
balf  u  Sir  from  the  neareat  of  theae  aa  tbaar  are  from  each  other.  This 
line  ia  aeuaiblj  the  prolongation  of  ■  bright  liuA  in  tbe  aolar  tpectrum. 
In  height  and  brigblnela  it  correaponda  doeely  to  tlie  oline,  but  I  have 
notjced  that  it  irill  not  bear  high  magnifying  power  ao  well.  While 
the  p  nnd  c  linea  remain  brilliant  under  inch  powera,  thia  line  becomes 
weaker,  ao  that  oifly  the  pmctiaed  eye  can  detect  it.  The  line  ends  in  a 
point,  and  it  often  extenda  itaelf  brilliantly  apon  the  din;  of  the  Sun. 
Outside  the  diae  it  ia  not  bordoMd  by  dark  linea ;  on  the  contrary, 
with  hi^  power*  it  becomea  diflused,  and  doea  not  itand  ont  eharply 
lik«  the  0-line. 

'The  F-line  it  in  general  not  lo  high  as  tbe  c-line,  and  grows  funt 
at  the  extremity,  where  it  takes  the  form  of  a  lance.  Outside  the  diae 
it  it  accompanied  by  a  narrow  dark  lone  on  the  more  refrangible  aide. 
Sometimea  I  hare  aeen  it  prolonged  beyond  the  edge  of  the  solar  disc, 
M  in  the  case  of  the  oline;  at  other  times  a  very  flue  black  thread 
ahows  itaelf  on  the  more  refhu^ble  aide.  This  seem*  to  show  that  the 
r-line  is  not  due  lo  bydiagen  alone.'  (This  eoDcluaion,  howerer,  has 
been  negati  Ted.) 

'  The  third  line  of  hydrogen  near  o  I  bare  leen  aa  a  bright  line,  but 
it  is  neceasarj  to  reduce  tbe  dispeisive  power  of  the  prismatic  battery 
in  order  to  obtain  sufflcient  light.' 

Becchi  ia  of  opinion  that  where  there  are  facnbe  on  or  eloae  to  the 
limb,  there  piomineneas  exist ;  but  he  is  unable  to  say  with  equal  con- 
fidence thai,  wbererer  prominences  exist  there  are  also  facuhe. 

He  was  surprised  to  find  on  one  occasion,  when  sereral  lines  besides 
tbe  aboTc-mcntioned  were  Tisible,  that  of  the  three  line*  forming  the 
gioap  h  of  magnesinn  one  and  one  only  was  vieible, — a  second  bne 
holding  a  position  midway  between  the  other  two  lines  of  tbe  some 
group.  He  remarka  that  fiayet  bad  obeerred  during  the  eclipse  of 
August  ISfiS  only  two  line*  of  this  group,  and  that  these  two 
donbtleH  corresponded  with  thoss  seen  by  himeelf,  of  which,  as  we  hare 
seen,  one  does  not  accord  with  either  of  the  two  remaining  magnesinm 
linn.    He  was  so  surpriMd  at  this  peculiarity  that  be  leorched  dili- 
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already  mentioned,  enundated  the  theory  that  the 
Sun  ia  wholly  surrounded  by  a  layer  or  envelope  of  the 
coloured  matter  whence  as  it  would  seem  the  promi- 
nences spring.  To  whatever  part  of  the  Sun's  edge 
he  directed  his  spectroscope  the  bright  lines  belonging 
to  the  prominence-spectrum  could  be  seen,  though  reach- 
ing but  to  a  short  distance  from  the  edge  of  the  Sun, 
save  where  there  is  a  prominence.    Unaware  *  that  this 

geotlj  for  tTO  hODTB  to  detect  tracu  of  the  othar  lines  of  magnenrah 
iut  could  Bod  none  wfa»t«ver.  He  etaanien  the  otgectioiu  which  hara 
been  urged  againat  this  olxarratiaii  at  'ineoaclwiTe — to  om  no  aan 
eerere  expienion — Binee  it  ii  unmmuble  to  bq^mC  that  he  wovld 
have  been  carelesB  when  obMrving-  eo  remarfcablfl  a  phenomenoD.' 

*  In  Mt.  Lockjrer'i  detailed  account  of  hia  wot^  (Siporl  t^  tie  A^n- 
namkal  Soeutg,  Febniaij  1BG9)  he  itatea  that  'at  the  time  tht 
apectroeoope  rerealed  to  him  that  the  prominenee-Bpectnun  na  narw 
absent,  and  that,  in  fact,  tbe  [oxiiiiiiienee'niatter  fbimad  a  continsou 
anrelope  ronod  the  Sua,  he  wna  not  aware  that  Each  an  envelope  bid 
been  aoggeated  b;  prarioua  obserrera.'  The  aceoont  go«a  on  to  apeak  of 
the  phjaiciata  who  had  proponnded  thia  theor; — Swann,  Qraiit,  Von 
Idttrow,  Lererrirr,  and  Secchi—deacribin^  thaii  riuwa  bb  '  idn*,' 
'  anggeeticiDB,'  and  '  aurmiaes,'  and  adding  that '  the  eipenmental  pieof  of 
the  irath  of  theae  aurmiiea  ia  due  to  Mr.  Loekjrer.'  It  is  bare  juatiee  ID 
ramaric,  however,  that  with  aome  at  Iwiat  of  the  fire  phjaicista  abon' 
named  tha  theory  wna  much  more  than  a  anrmiae  or  conjecture,  Tfana 
ProfnaaDr  Grant  writca,  in  18^8,  'The  Eona  of  a  deep  red  colour  obaerrnl 
at  Toulon  toward  the  part  of  the  Hoon'a  limb  where  the  Son  waa  ibont 
to  emar^,  cfearly  indicatea  the  accamulntion  of  nebuloua  matter  in  lh0 
lower  regiona  of  the  aolar  atmoaphere,  aa  well  as  tha  condanaation  oTtlie 
cirunmambient  fluiil  of  which  the  latter  ia  compoeed  towarcU  tha  aurbM 
of  the  Sun,  arising  from  the  preaaure  of  the  auperincumbent  stnua.' 
Leverrler  wrote  in  1860, '  The  axiatenceofa  bedof  roee-coloured  matter, 
psrtiall;  tranapnrent,  coTering  the  whole  surface  of  the  Sun,  ia  a/id 
eitailititd  bj  the  observations  made  during  tha  time  of  totality  in  the 
eclipse  of  this  jear.'  Seccbi  waa  i^uallj  cuuTinced  of  the  ezieleDGa  of 
this  roae-coloured  region.  '  The  obaprratioD  of  eelipea*,'  be  wrote, 
•/umMti  induputidU  eetdeiae  that  the  Sun  ia  reall;  •utruonded  bj  a 
layer  of  Ibii  red  matter,  of  which  we  commonly  aae  no  more  than  tb( 
most  elevated  points.'    If  theie  be  surmisee,  how  thaB  men  of  adena 
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layer  had    already  been   discovered,   Mr.   Lockyer 
devised  a  name  for  it,  endtUng  it  the  ehromoiphere. 

Wliether  this  envelope  is  to  be  regarded  as  a  troe 
solar  atmosphere,  in  the  sense  in  which  that  term  is 
usually  understood,  may  be  seiiouBly  questioned.  As 
seen  in  the  telescope  it  presents  a  iretl-defined  and 
very  uneven  limit,  giving  the  idea  rather  of  a  region 
of  flames  or  clouds  than  of  an  envelope  of  the  nature 
of  an  atmosphere.  That  the  substance  producing  the 
coloured  light  of  the  chromosphere  is  gaseous  admits 
indeed  of  no  question ;  but  so  also  the  prominences 
are  gaseous.  Yet  we  do  not  regard  these  as  of  the  nature 
of  an  atmosphere.  Now,  if  the  surface  of  the  Sun  bu 
covered  at  all  times  with  small  prominences,  bearing 
somewhat  the  same  relation  to  the  gigantic  *  horns ' 
and  '  boomerangs '  seen  during  eclipses  that  tbe  bushes 
covering  certain  forest  regions  bear  to  tbe  trees,  then 
there  can  be  no  doubt  that  the  chromosphere  could 
not  rightly  be  regarded  as  an  atmosphere.     We  have 

LerairisT  uid  Secchi  believed  in  tlie  ^sttnee  of  tliis  enTclope  b«csiise 
thflj  had  atra  it ;  end  Secehi  h&d  the  further  evidence  (though  no 
fDitWendeDca  could  be  ii«dM])deriTed  from  his  phou^iaphs.  Under 
then  ciicnnutaDcee  no  enboequmt  obserrer  can  claim  to  bare  '  been  ibe 
Sr«t  to  pre  experimental  proof  of  the  existeoM  of  the  ehromotphere.' 
Or  i( — then  6«lileo  night  have  claimed  to  have  been  the  Stat  to  give 
eipenmental  jsoof  of  the  eziitenoe  of  the  Moon  01  of  Jupiter,  since 
nndoabtedl^r  he  fiitt  atDdied  these  bodice  teleacopically.  That  Hr. 
Lo^el  M>«U  have  diacorered  the  chromoephere  had  it  not  been  dii- 
wrared  beCoT*  (nnknown  to  him),  ma?  be  vsU  beligred,  precieel;  «« 
'wemajbeaasoFedthaC  had  not  the  edi pee  obserren  in  ISSSditeorered 
the  nature  of  tbe  prominence-«pectrn)n,  Mr.  Loekjai  would  hare  done 
ea.  That  he  did  not  do  either  of  theee  things  ii  no  discredit  to  hie 
abilitiee,  since  no  man  that  ercr  lired  hat  succeeded  in  discovering  tbe 
^sconrsd ;  and  it  maj  b«  gnnnised  that  no  man  erer  «ilL 
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no  evidence  that  it  even  extends  downwards  as  far  as 
the  Tirible  limits  of  the  photosphere,  since  nndoabt- 
edly  if  a  distance  of  fort;  or  fifty,  nay,  even  of  two  or 
three  hundred  miles,  separated  the  lower  limit  of  the 
chromosphere  from  the  photosphere,  no  telescopes  we 
possess  could  suffice  (when  supplied  with  suitable 
spectroscopic  appliances)  to  reveal  any  trace  of  this 
space.  A  width  of  two  hundred  miles  at  the  Sun's 
distance  subtends  an  arc  of  less  than  half  a  second ; 
and  telescopists  who  know  the  difficulty  of  separating 
a  double  star  whose  components  lie  so  close  as  this 
will  readily  understand  that  a  corresponding  arc  upon 
the  Sun  would  be  alb^ether  unrecognisable. 

X  am  very  &r,  therefore,  from  accepting  with  confi- 
dence the  view  that  the  chromosphere  is  the  true  solar 
atmosphere.  Sather  I  believe  it  consists  of  matter — 
gaseous,  no  doubt,  but — suspended  in  the  true  solar 
atmosphere.  I  think  that  not  only  is  this  view  con- 
firmed by  the  appearance  of  the  chromosphere  as  de- 
picted in  Plate  VI.,  further  on,  but  that  the  general 
resemblance  as  regards  structure  and  appearance  be- 
tween the  chromosphere  and  the  prominences  suffice 
to  render  it  at  least  highly  probable  that  the  fonner 
can  no  more  be  described  as  the  solar  atmosphere  than 
the  latter.  But  even  more  striking  is  the  evidence 
deduced  from  Plate  V.  For  here  we  see  in  the  first 
figure  a  prominence  which  has  been  obviously  erupted. 
We  see  it  as  it  springs  upward,  expanding  with  the 
diminishing  atmospheric  pressure,  and  we  see  in  the 
second  figure  how  the  erupted  matter  has  slowly  bqpin 
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to  sink,  with  ezpsnuon,  indicating  low  pressure  in  the 
upper  regions,  but  with  a  figure  indicating  a  real  re- 
sistance. It  is  then  this  invisible  atmosphere,  through 
which  the  upper  portion  of  the  prominence  has  begun 
to  subside,  that  would  seem  to  constitute  the  true  solar 
atmosphere,  while  the  chromosphere  diould  be  re- 
garded as  couKsting  of  a  multitude  of  smaller  pro- 
minences,  either  freshly  erupted  or  the  remains  of 


nimtnliiig  tb«  wideoingof  the  r-line  of  hTdrogeu  dot  the 
bue  of  the  ehiomoaphoie. 

fonner  eruptions,  floating  in  the  lower  regions  of  the 
solar  atmosphere,  much  as  the  second  prominence  of 
Plate  V.  is  floating  (for  a  brief  while)  in  the  upper 


The  inferences  which  have  been  deduced  respecting 
the  pressure  exerted  by  the  solar  atmosphere  at  and  near 
the  level  of  the  photosphere  remain  unchanged,  how- 
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ever,  whatever  view  we  adopt  on  this  point.  Fig.  72 
illuBtrates  the  evidence  on  this  point.  Here  I  is  a  part 
of  the  spectrum  of  the  Sun's  limb,  while  2  represents 
tlie  line  F  in  the  spectrum  of  the  chromosphere.  The 
widening  of  this  line  close  by  the  Sun's  limb  may  be 
regarded  as  unqaestionablj  indicating  an  increase  of 
pressure,  because  the  researches  of  Flilcker,  Hittorf, 
Huggins,  and  Frankland  have  demonstrated  that  the 
F-line  of  hydrogen  does  actually  increase  in  this  way 
in  width  when  the  pressure  at  which  the  hydrogen 
subsists  is  increased.  Temperature,  also,  has  an  effect 
on  the  hydrogen  lines ;  nor  is  it  quite  easy  to  separate  the 
effects  due  to  pressure  from  those  due  to  temperature.* 
But,  on  the  whole,  it  seems  probable  that  pressure  is 
chiefly  in  question,  white  it  may  be  regarded  as 
absolutely  certain  that  temperature  alone  is  insufficient 
to  account  for  the  observed  change.  Now,  whether  we 
regard  the  glowing  hydrogen  of  the  chromosphere  as 
forming  a  true  constituent  of  the  solar  atmosphere  or 
as  bearing  a  somewhat  similar  relation  to  that  atmo- 

*  In  ft  pApn  bj  Bi.  ZoJlaer  ( Vber  die  ThNperaiw  itad  pkyaUdm 
BttehafftKhtU  diT  iSbniK),  an  «bstt*ct  of  vbich,  by  ths  praKot  TiiUr, 
appealed  in  the  Eu^Uh  S/tetianic  for  S»ptember  ISTO,  it  ia  BOggeatHl 
that  maani  night  be  devised  foi  diatingniBhiitg  between  the  efiecta  of 
pretenre  and  temperatare  by  eanaing  a  diechaige  of  gaa  to  take  place 
at  the  moment  when  the  iodnction  apatk  ij  paaaad  Uuiiagh  the  hjdio- 
gen.  It  ia  ceiUinl;  a  problem  (f  the  utmost  importance  thai  to  dia- 
tiDgoilb  between  the  two  efibcte  whidi  plaj  the  ^ef  part  in  aolar 
ph.no,..n.. 

The  disappearance  of  one  of  the  magnesiam  linea  at  a  Mrtain  betf^t 
above  the  epeetnimof  thelimb  (see  flg.  Tl)  in  which  the  lines  Bbaloi^ 
to  magneeinm,  is  significant  of  a  very  low  degree  of  preanre  at  llu 
level  where  the  ehotteet  line  ceases  to  be  Tiaible. 
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Sphere  that  the  aqueous  vapour  in  our  own  air  bears 
to  the  pennaaent  constituents,  it  is  yet  certain  that  the 
pressure  of  the  hjdrogen  near  the  solar  photosphere 
is  a  measure  of  the  atmospheric  pressure  there.  And 
from  the  observed  width  of  the  F-line  near  the  Sun's 
limb  (see  fig.  72)  it  has  been  estimated  hy  Wiillner 
that  *  the  pressure  on  the  base  of  the  chromosphere,  or 
at  the  surface  of  the  photosphere,  is  below  the  pressure 
of  the  Earth's  atmosphere.'  He  has  even  a&dgned  the 
limits  of  pressure  at  the  level  of  the  solar  photosphere 
as  lying  certainly  'between  50  and  500 millimetres  (or 
between  2  inches  and  20)  of  a  mercurial  barometer  at 
the  Earth's  surface.' 

It  is  within  the  chromosphere  and  certun  of  the 
prominences  that  spectroscopes  of  high  dispersive 
power  exhibit  those  signs  of  cyclonic  motions  taking 

*  It  most  sot  be  torgattea,  bowOTer,  that  the  vidth  of  tlie  hjrdiqgen- 
linr  where  it  actiullj  reaehee  the  sfMCtnim  of  the  Umb  !■  not  koown. 
The  obarared  width  on  which  Wnlloer  founded  his  MMarchei  ta*,j  be 
tlut  ooimpoDding  to  h  height  of  60,  100,  or  oTen  200  ailei  ftbore 
the  pbotoiphen ;  and  within  these  SO,  or  100,  or  200  mik«  an  iiureeM 
of  presBore  ma;  take  plaM  by  which  the  actnal  density  of  the  atmo- 
jphere  close  by  (he  photospheM  may  be  enonnoiisly  incrsMed.  There 
may  be  an  atmosphere  inclnding  the  Tapooni  of  irau,  aodiun,  mag- 
neaiom,  &e.  (of  all  the  eUnunte,  in  fine,  whoss  iaA  lines  appear  in 
the  solar  ipectnun)  extending,  say,  100  miles  above  the  photosphere; 
and  yet  no  instrumenu  we  possess  conld  soffice  to  reveal  any  trace  of 
its  ezistenee,  msIcm  tka  dart  lint*  lit  Mo  ntar  tptelruin  is  lioufflU  to 
i4iimutTaia  fit  /act  tkat  «(ui  on  atmaiplten  oebidUy  dea  nut.  The 
GteC  that  on  tome  oeearions  Ur.  Loekyer  hs«  seen  hundreds  of  the 
Fia&nholer  linea  (as  bright  lines)  in  the  spectrum  of  tJie  chromosphere 
randera  this  far  &om  improbable.  The  argDments  on  the  strength  of 
which  it  has  been  assnined  that  the  absorption  to  which  the  dark  lines 
an  due  takes  place  below  the  visible  photosphere,  appear,  to  say  the 
laait^  Ur  bom  demonttntire. 
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place  in  the  Bolar  atmosphere  the  rect^aition  .of  which 
baa  seemed  bo  surprising  and  inexplicable.  The  stady 
of  the  last  part  of  Chapter  III.  will  have  shown  the 
reader  that  if  very  rapid  motions  are  taking  place> 
either  due  to  the  swift  rush  of  the  glowing  hydrogen 
through  the  solar  atmosphere  or  to  the  effects  of 
cyclonic  motions  in  the  atmosphere  itself,  by  wbidi  the 
glowing  hydn^n  is  borne  away,  the  epectrmcope — if 


ninatrntiiiig  the  ■pectnaeopic  indicmdoiu  of  Kdai  eTelonie  actum. 

only  its  dispersive  power  be  sufficient—cannot  fail  to 
give  unmistakable  evidence  on  the  point.  The  problem 
is  altogether  simpler  and  easier  indeed  than  that  which 
Dr.  Huggins  had  to  deal  with  when  he  undertook  to 
measure  the  velocity  with  which  Sirius  is  winging  its 
flight  through  apace.  For  there  in  the  solar  spectrum 
are  the  very  lines  of  hydrogen  with  which  the  chromo- 
sphere lines  are  to  be  compared.  If  the  spectroscopic 
disperaion  suffice,  the  least  experienced  observer  can 
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tell  as  certainly  that  a  aolar  atorm  is  in  progress  as  the 
terrestrial  observer  can  tell  by  the  motione  of  cimia 
clouds  that  the  upper  r^ons  of  our  own  atmosphere 
are  disturbed.  The  accompanying  illustration  (fig.  73), 
for  instance,  shows  how  the  F-line  in  the  chromosphere- 
spectmm  is  at  times  swayed  (as  it  were)  from 
coincidence  with  the  darlc  F-line  of  the  ordinary  solar 
spectrum.  At  1  we  see  the  line  defected  towards  the 
riolet,  showing  that  the  portion  of  the  chmnosphere 
ander  examination  was  moving  rapidly  towards  the 
observer ;  at  2  we  see  a  deflection  botli  towards  the 
red  and  towards  the  violet,  indicating  that  in  the  same 
field  of  view  (that  is,  in  the  portion  of  the  chromo- 
sphere included  within  the  slit)  there  were  masses 
moving  towards  as  well  as  from  the  eye ;  while,  lastly, 
at  3  we  see  a  deflection  towards  the  red,  indicating 
a  rapid  motion  &om  the  eye.  During  some  observa- 
tions such  as  these,  Mr.  I<ockyer  has  had  evidence  of 
motions  at  the  almost  inconceivable  velocity  of  120 
miles  per  second.  I  cannot,  however,  accept  his  con- 
clusions as  to  the  distribution  of  the  motions  over  the 
Sun's  surface,  because  he  seema  to  take  very  little 
account  of  what  certainly  ia  the  fact,  that  the  extension 
of  the  portion  of  chromosphere  under  examination  ia 
very  great  in  the  direction  of  the  line  of  sight  As- 
soming  an  apparent  depth  of  only  ten  seconds  (which 
is  within  the  usually  observed  limits),  a  tangent-line  to 
the  Sun's  surface  passes  through  a  range  of  upwards  of 
60,000  miles ;  and  to  speak  of  tlie  clear  recognition  of 
a  solar  cyclonic  storm  only  1,500  miles  in  diameter 
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(as  described  by  Mr.  Lockyer)  when  the  visual  ray- 
passes  through  a  depth  forty  times  as  great,  seeme  to 
me  wholly  inadmissible.  We  have  no  evidence  that 
the  portions  of  the  chromosphere  giving  the  three  dis- 
placements shown  in  fig.  73  may  not  have  lain  20,000, 
30,000,  or  even  40,000  miles  apart,  in  the  direction  of 
the  line  of  view ;  *  in  other  words,  that  the  observed 
solar  storms,  though  undoubtedly  raging  with  amazing 
fierceness,  were  necessarily  cyclonic  in  character. 
This  remark  does  not  apply  with  equal  force  to  the 
evidence  deduced  from  the  appearance  of  the  promi- 
nence F-line  depicted  in  fig.  74,t  because  we  caniurt 
consider  it  likely  that  two  prominences  of  the  enormon* 
height  indicated  by  the  extension  of  the  shattered  r 
lines  from  the  spectrum  of  the  limb,  would  lie  ali^^ 
the  same  visual  line  at  the  moment  of  observation. 

Professor  Young,  of  America,  has,  however,  noted 
a  remarkable  circumstance  which  seems  in  some 
sense  to  throw  doubt  on  the  inferences  which  have 
been  deduced  from  the   displacement  of  the  F-line. 

*  Througbont  T£i.  Lockjer's  pspera  there  is  to  be  noted  a  mode  of 
pxplBining  the  DbMTved  pbenomeoa  vhich  leamt  to  implj  that  the 
»pectro6cope  exhibits  te  ui  the  condition  of  \  men  iliee  of  the  solsr 
eorelopet.  Theellectof  tbeSan'a  solidity  in  giiiiig  an  enonnons  ex- 
t«nnon  to  the  vinul  liaea  through  th«  chroDoepb«re  Menu  vhoUr 
neglected,  even  where  a  reference  to  the  breadth  of  the  r^on  ie«lly 
included  within  the  llit  wonld  appear  to  inrite  a  rafarance  to  the  other 
form  of  eitension. 

t  Id  thii  figure  the  dots  below  (he  spectra  indieat«  the  unonnt  of 
displacement  on  either  side  of  the  normal  position  of  the  F-line,  corre- 
sponding to  a  veloeit;  of  3,  16,  and  28  Qennan  geopiaphical  miles  per 
second  (a  German  geographical  mile  being  equal  in  length  to  a  fifteenth 
part  of  a  degree  of  the  Earth's  equator — i.  «,,  to  abont  4|  English 
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He  observed  on  one  occasion  that  while  the  F-line  of 
hydrogen  in  a  prominence  was  absolutely  shattered, 
the  C-line  of  the  same  element  presented  its  ordinary 
appearance.  It  seems  absolutely  essential  to  the  in- 
terpretation hitherto  placed  on  the  displacement  of  owe 
line  of  hydrc^en  that  the  other  line  should  exhibit  a 
similar  displacement,  differing  only  to  a  slight  degree 
as  regards  extent.     If  the  observation  should  be  con- 


UlnBtnting  the  ■pectroxopie  iDdieationa  of  r&pid  motions  in  tsU 
coloimd  prominsnceB. 

firmed  that  the  C  and  F  lines  of  hydrogen  in  the  same 
prominence-spectrum  behave  differently, amostperplex- 
ing  problem  will  be  presented  not  only  to  astronomers, 
but  to  physicists. 

We  have  now,  however,  to  turn  to  a  yet  more  in- 
teresting and  valuable  series  of  researches,  by  which 
astronomers  have  been  able  to  observe  the  exact  figure 
iind  changes  of  figure  of  the  prominences.  The  prin- 
ciple on  which  these  researches,  first  successfully 
pursued  by  Dr.  Huggins,  have  been  based,  have  been 


already  explained  tovards  the  close  of  Chapter  IIL 
The  Tieibility  of  the  promiDence-lines  depends  on  the 
dispersive  power  of  tiie  spectroscope ;  and,  cleariy,  the 
narrower  the  opening  of  the  slit  the  more  effectaTe  will 
this  dispersion  be.  The  lines  of  the  prominences  are 
thus,  indeed,  narrowed,  hut  they  do  not  iTiipini^A  in 
brightness ;  whereas  the  spectrum  of  the  iUntninated 
atmosphere  diminiBhes  in  brightness  in  precise  propor- 
tion to  the  narrowness  of  the  slit.  But  if  we  widen 
the  slit  the  forms  of  the  promineaoes  may  be  seen,  if 
only  the  brightness  of  the  atmospheric  spectrum  is  not 
too  greatly  increased.  In  order,  therefore,  that  this 
feat  may  be  achieved,  we  must  have  a  spectroscope  of 
great  dispersive  power. 

Now,  I  have  said  that  Dr.  Hu^iins'a  spectroseope 
was  not  particularly  well  suited  for  the  kind  of  ob- 
servation we  are  considering.  It  had  not,  in  fact, 
BufEcirnt  dispersive  power;  so  that  when  the  idea 
occurred  to  him  of  seeking  for  ^e  prominences  with 
an  open  slit,  he  had  no  great  hope  of  succeeding.  As 
a  matter  of  fact,  he  failed.  The  increased  light  blotted 
out  the  promin^cea  altc^ether. 

But  he  was  not  so  to  be  foiled.  He  who  had  shown 
astroncnnical  spectroscopists  the  way  to  success  in  the 
b^linning,  was  now — with  inadequate  means — to  show 
bis  pupils  (if  one  may  so  speak)  how  to  study  the 
prominences  to  new  purpose.  Supplementing  the 
powers  of  his  spectroscope  by  the  nse  of  coloured  glass, 
he  was  able  to  solve  the  great  problem  which  was  the 
true  end  of  all  (he  observations  hitherto  made.     Others 
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were  Biming  at  Uie  solution  of  the  problem.  Lieut. 
Herschel  had  HUf^eated  the  use  of  coloured  media 
admitting  only  such  rays  as  the  prominences  emit 
Mr.  Lockyer  was  tiying  I  know  not  what  device 
of  rotating  or  vibrating  slits, — 

And  one  had  &im«d  lui  arrow  &ir. 
Bat  aent  it  aUckl;  fn>m  the  ttriug ; 
And  one  had  pierced  an  ovitn  ring 

And  ODA  an  inner  here  and  there  1 

Bat  last  the  master  bowman,  he 
Had  cleft  the  mark. 

Fig.  73  represents  the  picture — rough,  but  instruc- 
tive— of  the  firet  solar  prominence  ever  leen  when  the 
Sun  was  not  eclipeed. 

Fra.  :s. 


The  tnt  prominence  seen  bj  means  of  the  apectruMopa. 
{Hoggint.) 


So  soon  as  the  open-slit  method  bad  been  su^ested 
by  Hu^iins  many  other  observers  adopted  it  Mr, 
Ijockyer,  availing  himself  of  the  great  dispersive  power 
of  the  instrument  Mr,  Browning  had  made  for  bim,  found 
that  he  could  dispense  with  the  use  of  coloured  glasses. 
The  prtHuinences  were  rendered  distinctly  visible  with 
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the  open  alit  alone ;  uid  he  could  readily  watch  the  chaog- 
ing  figures  of  these  myeteriouB  objects.  The  accompany- 
ing drawings  (figs,  76  aad  77)  exhibit  two  views  of  a 
wild  and  fantastic  group  of  prominences,  drawn  by  Mr. 
Lockyer,  the  second  only  ten  minutes  after  the  first 
was  completed. 

Fin.  76. 


A  group  of  aolar  prominenoeB.— Mmoh  14,  1869,  llh.  5m.     {Loch/tr.) 

Dr.  Zollner,  the  eminent  German  photometrician, 
applied  the  same  method  in  a  systematic  manner. 
Some  of  the  pictures  he  has  published  are  singularly 
interesting. 

It  is  to  be  noticed,  in  the  first  place,  that  Dr.  Zollner 
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observed  the  same  protuberance  ib  three  different 
colonrs,  corresponding  to  the  three  linea  of  ita  apec- 
trum.  He  found  a  material  difference  between  the 
red  and  the  blue  image  on  the  one  hand  and  the  yellow 
on  the  other.     The  latter  is  very  intense  only  in  close 

Fm.  77. 


The  wtme  group  teo  mjnutiii  Inter. 

proximity  to  the  Sun's  limb/  and  corresponds  there  to 
the  other  images ;  but  the  more  delicate  details  dis- 
appear at  a  greater  distance.     Zollner  suggests  that 

*  It  will  be  obserrod  that  Zollaer'B  rrantts  as  wgwds  tie  coloured 
ioisges  eorregpond  with  titow  obtaioed  hy  Seeclii  io  obwrriiig  thu 
coloured  Una. 
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this  may  be  explained  on  the  hypothesia  that '  the  rays 
which  give  rise  to  the  yellow  image  emanate  from  a 
gas  having  a  greater  specific  gravity  than  hydn^en, 
and  therefore  existing  at  a  lower  leveL' 

The  most  interesting  of  ZoUner's  drawings  are  ex- 
hibited in  Plates  IV.  and  V.  It  must  be  conceived  by 
the  reader  that  these  views  are  only  the  red  imagea. 
ZSUner  saw  perfectly  similar  blue  images,  and  nearly 
similar  orange-yellow  images.  The  combination  of  the 
three  produces  the  complete  image  as  seen,  during 
eclipse,  with  the  telescope. 

Respecting  the  several  protuberances  shown  in  Plate 
IV.,  he  makes  the  following  remarks: — 'In  fig.  1  we  see 
an  intensely  luminous  peak-shaped  mass  rising  from  the 
border  of  the  Sun,  above  which  is  spread  a  cloud-like 
formation  of  less  intensity.  To  the  same  type  belong 
the  protuberances  of  figs.  4  and  9.  In  fig.  4  it  is  re- 
markable that  the  surprisingly  beautiful  cimiulua  shape 
of  the  cloud  was  separated  from  the  peak  by  a  con- 
siderable distance.  The  cloud  was  exceedingly  delicate, 
and  even  its  finest  details  could  be  recognised.  The 
separate  cumuli  of  which  it  was  composed  appeared 
almost  like  dull  luminous  points.' 

Fig.  2  was  one  of  the  most  remarkable  formations. 
'  I  hardly  believed  my  eyes,'  says  Zollner,  *  when  I 
noticed  in  it  the  tongue-like  motion  of  a  flame.  This 
motion  was  slower,  however,  compared  with  the  mze  of 
the  flame,  than  that  of  high  towering  flames  at  great 
confi^rations.  The  time  required  by  such  a  wave  in 
passing  from  the  base  to  the  q>ex  was  about  two  or 
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three  seconds.  I  endeavoured  on  the  following  days 
to  verify  this  ohservation  by  the  discovery  of  similar 
formations,  but  I  have  not  succeeded,  in  spite  of  my 
arduous  and  continued  search.  I  therefore  request 
that  this  statement  may  be  considered  as  one  requiring 
further  proof.' 

In  figs.  3, 6,  and  10  we  have  remarkable  iltustrationB 
of  the  great  rapidity  mth  which  the  protuberances 
change  both  in  form  and  brilliancv.  In  these  figures  the 
different  shapes  are  represented  which  the  fiame  protu- 
berance aesumed  after  the  intervals  of  time  indicated 
by  the  hours  and  minutes  (Leipsic  time)  named  undeiv 
neath  them.  The  heights  range  from  30  to  1208econds, 
and  when  it  is  remembered  that  a  second  of  arc  at  the 
Sun's  distance  corresponds  to  a  distance  of  no  less  than 
450  miles,  it  wiU  be  seen  on  how  enormous  a  scale 
these  prominences  are  formed. 

Zollner,  even  at  this  early  stage  of  bis  inquiries,  was 
led  to  arrange  the  prominences  into  two  distinct  classes 
— the  cloud-like  and  the  eruptive.  Kespecting  objects 
of  the  former  class,  he  remarks  that  they  remind  him 
of  the  different  forma  of  our  clouds  and  fogs.  '  The 
cumulus  type  is  completely  developed  in  some  of  the 
figures.  Other  formations  remind  one  of  masses  of 
clouds  and  fogs  floating  closely  over  lowlands  and  seas, 
whose  upper  parts  are  driven  and  torn  by  currents  of 
air,  and  which  present  the  ever-varying  forms  so  well 
known,  when  viewed  from  the  tops  of  high  mountains.' 
An  important  observation  was  made'  by  Zolluer  on 
June  27, 1869.  *  On  this  day,'  he  says — '  the  first  clear 


n ,-i>,  Google 


306  TBE  SUN. 

Aa.j  after  a  long  spell  of  cloudy  weather— I  observed 
the  bright  protaberance-lines,  without  however  being 
able  at  that  time  to  make  a  complete  observation  of 
these  formations.  As  bood  as  I  approached  the  slit  of 
the  spectroscope  to  a  certain  position  in  the  Sun's 
limb,  where  the  protuberance-lines  appeared  particu- 
larly long  and  bright,  brilliant  linear  flashes  passed 
through  the  whole  length  of  the  dull  spectrum  over  the 
limb  of  the  Sun,  about  three  or  four  minutes  dist&nt 
from  the  latter.  These  flashes  passed  over  the  whole 
of  the  spectrum  in  the  field  of  view,  and  became  so  in- 
tense at  a  certun  point  of  the  Sun's  limb  as  to  produce 
the  impression  of  a  Beriea  of  electrical  discharges 
rapidly  succeeding  one  another  and  passing  through 
the  whole  of  the  spectrum  in  straight  lines.  Mr. 
Yogel,  who  afterwards  for  a  short  time  took  part  in 
these  observations,  found  the  same  phenomenon  at  a 
differeot  portion  of  the  Sun's  limb,  where  protuberance- 
lines  also  appeared.  *  The  phenomenon  can  be  ex- 
plained,' adds  Zoltner, '  by  the  hypothesis  that  small, 
intensely  incandescent  bodies,  moving  near  the 
surface  of  the  Sun,  emit  rays  of  all  degrees  of 
refrangibility,  and  produce  flashes  of  a  thread-like 
spectrum  as  their  image  passes  before  the  slit  of  the 
spectroscope,'" 

*  We  mnBt  not,  however,  forget  tbe  poMibili^  that  thMe  otgtcts 
nsf  hsTe  b«eD  insects  in  the  sir  at  no  rerj  consideniblB  diit&nce  ftoa 
the  otMerrer.  Lient.  Heischel  wag  for  some  time  misled  b;  a  aimilar 
phenomenon,  but,  after  long  watching,  one  of  the  bright  oljecta  Boddenlj 
slopped  and  flew  off  in  a  new  direction,  and  he  then  recognised  the 
fact  that  he  had  been  iataotljobKrving  with  the  telescope,  and  carefiillf 


D,£,,t,7=^-i>,  Google 


.■i>,  Google 


D,Q,t,7=^-i>,  Google 


D,Q,t,7=^-i>,  Google 


i>,  Google 


THE  PROMINENCES  AND  CHROMOSPHESE.     307 

Plate  V.  iUuBtrstee  a  later  paper  of  ZoUner's,  and 
the  moet  cuTSory  study  irill  serve  to  show  that  he  ob- 
served the  prominence  there  exhibited  under  exception- 
ally favourable  conditions.  Nothing  can  be  more 
striking  than  the  aspect  of  the  prominence  shown  in  these 
two  drawings.  It  is  obvious  that  Zolloer  had  here  been 
regarding  the  action  of  solar  eruptive  forcra  casting  forth 
enormous  masses  of  glowing  hydrogen  gas.*  The  evi- 
dence on  this  point  has  already  been  referred  to.  It 
seems  impossible  to  conceive  that  any  evidence  could  be 
more  convincing. 

But  we  owe  to  Professor  Bespighi  the  moat  sys- 
tematic an(}  successful  attempts  yet  made  to  deal  with 
the  solar  prominences.  He  has  in  fact  demonstrated 
the  possibility  of  applying  to  the   promioences  sys- 

at»]j>Bilig  with  the  tftctrotea^  a  fiight  of  loc*tUI  TIiom  objects  were 
much  moM  coiispicnoiu  thao  those  seen  b;  Zolluer,  howaver ;  and  the 
obosiTBtion  mads  by  Hr.  W.  S.  QUtDftn,  juD.,  during  the  American  edipae, 
that  in  thefaf&Tt  of  a  large  prominence  (o  of  fig,  78,p.  Sll)  there  were 
ezcMdiiigl;  bright  red  poinU,  *eema  lo  ccnflrm  the  JuatiM  of  Zollner'a 
eoiielnuon. 

■  ZoUnar  lemariia  that  the  preralence  of  one  or  other  of  the  charac- 
tehatie  fbrma  iota  which  prominencsa  ma;  be  dirided — riz.,  the  clood 
form  and  the  emptiTC  form— appears  to  drpend  pactl;  on  their  local 
diatribnUoB  otm  the  aolar  surface,  partly  on  the  time  of  obflecration ; 
inBomoch  that  at  a  givrn  time  one  form,  at  another  the  other,  ma;  be 
the  preruling  type.  'That  the  cloud-formed  prominencea  preaent  ao 
lively  a  roaemblance  Co  trrreetrial  cloud  and  emoke,  is  eaaily  ciplainad,' 
he  adds,  '  when  we  recollect  that  the  forma  of  oar  cloude  most  be 
anppoaed  to  depend,  not  oa  the  TCBldei  of  water  aaspended  in  them, 
but  (easentially)  only  on  the  mode  in  which  the  wr-ina««ea,  Tariously 
warmed  and  moved,  expand.  The  water-TesicIea  in  terratrial  cloude 
farm  bat  the  material  by  which  such  differeneea  of  temprratore  and 
motion  are  rendered  rieible  to  oa.  In  the  clouds  of  the  protabenntea 
this  visibility  is  brought  about  by  the  glow  of  the  Inminoue  hydrogen 
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tematic  observations  comparable  with  those  applied  by 
Schwabe  and  Carriogtoii  to  the  spots.  On  each  of  the 
days,  7,12-15, 17, 18, 21, 24, 26-29,  and  31  of  January 
1869,  he  took  views  round  the  solar  limb,  until  he  had 
completed  the  circuit,  ranging  the  observed  prominences 
in  a  straight  line  (the  prominences  being  presented,  for 
convenience,[on  a  scale  twice  that  of  the  chromosphere's 
horizontal  extension).  The  result  is  shown  in  Plat«  VT. 
We  have  only  to  suppose  each  horizontal  row  of  coloured 
prominences  bent  round  a  disc  representing  the  Sun, 
and  the  prominences  reduced  to  one-half  their  present 
dimensions,  in  order  to  have  a  complete  picture  of  the 
Sun's  condition  on  any  of  the  days  illustrated  in  the 
plate.  It  cannot  be  but  that  the  apphcatton  of 
Heepighi's  system  throughout  a  long  series  of  yeais 
will  result  in  revealing  laws  in  the  number  and  magni- 
tude of  prominences  at  different  times  and  in  different 
solar  latitudes.  Such  laws,  once  clearly  recognised, 
will  probably  serve  to  indicate  relations,  as  yet  wholly 
unthought  of,  between  the  prominences,  the  phenomena 
of  the  photosphere,  the  magnetic  relations  of  the 
planetary  scheme,  and  many  other  periodic  phenomena. 
Leaving  the  reader  to  study  at  his  leisure  the 
singularly  interesting  features  shown  in  Plate  YI., 
I  will  briefly  indicate  certain  general  conclusions  to 
which  Professor  Kespighi's  researches  have  led  him. 

He  considers  that  the  prominences,  at  least  as  regards 

their  origin,  bear  no  analogy  whatever  to  terrestrial 

clouds,  but  are  strictly  phenomena  of  eruption.*     He 

■  This  Tiew  U  not  altogottier  oppoMd  to  Dr.  ZdUner'B,  vho  regards 
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has  noticed  that  where  there  are  faculre  there  are 
usually  prominences,  but  he  considers  that  the  promi- 
-  nences  are  certainly  not  identical  with  the  faculie.  Over 
Sun-spotB  there  are  low  jets,  but  no  high  prominences. 
In  the  circumpolar  regions  great  prominences  are 
never  recognised,  and  the  prominences  actually  seen, 
besides  being  small,  are  few  in  number,  and  last  but  a 
short  time.  At  the  solar  equator,  also,  the  prominences 
are  less  frequent,  less  active,  and  less  developed  than 
in  higher  solar  latitudes.  He  noticed  some  prominences 
exceeding  three  minutes,  or  ten  terrestrial  diameters,  in 
attitude ;  and  one  prominence  observed  by  him  had  an 
elevation  of  no  less  than  twenty  terrestrial  diameters, 
or  abont  160,000  miles.  He  found  that  the  formation 
of  a  prominence  is  usually  preceded  by  the  appearance 
of  a  rectilinear  jet,  either  vertical  or  oblique,  and  very 
bright  and  well  defined.  This  jet  rising  to  a  great 
height,  is  seen  to  bend  back  again,  falling  upon  the 
Sun  like  the  jets  of  our  fountains,  and  presently  the 
sinking  matter  is  seen  to  assume  the  shape  of  gigantic 
trees  more  or  less  rich  in  branches  and  foliage. 
Gradually  the  whole  sinks  down  upon  the  Sun,  some- 
times forming  isolated  clouds  before  reaching  the  solar 
surface.  It  is  in  the  upper  portions  of  such  promi- 
nences that  the  most  remarkable  and  rapid  transforma- 
tions are  witnessed  ;  but  a  great  difference  is  observed 
in  the  rate  with  which  prominences  change  in  figure. 

the  two  iTpcB  into  which  he  divides  promineBeM  m  different  forma  of 
the  wne  oljecU,  and,  therefore  (neceasaril  j),  thedoud  form  si  the  icqael 
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Their  duratton,  too,  is  very  variable.  Some  develope 
and  disappear  in  a  few  minuteB,  while  others  remain 
visible  for  many  successive  days.  He  considers  that 
the  sharply-deSned  bases  of  the  eruptive  jeta  prove  that 
the  eruption  takes  place  through  some  compact 
substance  fonning  a  species  of  solar  crust.*  He 
agrees  with  Ziillner  in  considering  that  the  enormous 
velocity  with  which  these  gaseous  masses  rush  through 
the  solar  atmosphere  imphes  that  the  latter  is  of  ex- 
ceeding tenuity.  His  conclusion  that  repulsive  forces 
must  balance  the  solar  gravity,  is  not  shared,  however, 
by  Zollner,  who  prefers  to  regard  the  forces  at  work 
in  producing  the  prominences  as  strictly  analogous 
to  those  which  produce  eruptive  action  ou  our  Earth.t 
I  had  proposed  to  give  a  somewhat  full  account  of 
the  observations  made  by  the  American  astrooo- 
mers  upon  the  solar  prominences  visible  during  the 
total  solar  eclipse  of  August  1869.  But  so  much 
space  has  already  been  occupied  by  the  subject  of 
this  chapter  that  I  prefer  to  introduce  only  those 
narratives  of  the  American  observers  which  re- 
late to  the  corona.      These  will  be  found    in  the 

*  This  correapoadB  to  the  TmnvngKhiekt  of  ZoUner'i  theoiy,  wlio, 
hoverer,  does  qdC  agrra  with  Bespighi  is  ragarding  lome  form  of 
electric  uctioD  as  the  probable  cause  of  these  eruptioua. 

t  It  aaema  conceirable  that  the  phenomena  of  gejaeri  msj  have  their 
counterpitH  in  these  volar  promiaencea.  It  ia  tros  that  a  gaMons,  not  a 
liquid,  maa<  ia  erupted  ;  so  that  there  is  here  nothing  c<HDparahle  to  tlta 
rapid  change  of  a  column  of  liquid  into  vapour  which  cansea  the  out- 
bunts  of  gejsars.  But  the  temperature  and  praaauieat  which  diaBodation 
occurs  maj  l;eiu'  the  aame  ration  to  the  ootbutata  of  these  gaaeona 
tnagses  that  the  temperature  and  preasure  at  which  water  boila,  beat, 
in  Bunsen's  theo^  of  geyaers,  to  the  ocoureuce  ofgejser  amptions. 


.■i>,  Google 


THE  PROMINENCES  AND  CHROMOSPHERE.    311 

following  chapter.  The  accompanyiDg  drawing  (fig.  78) 
exhibits  the  pruminences  photographed  by  the  American 
astronomers,  the  Moon's  diac  being  reduced  so  as  to 
permit  all  the  prominences  to  be  visible  at  once.  The 
line  F  V.  indicateB  the  course  of  the  Moon's  centre 
across  the  Sun,  a  b  being  a  declination-circle,  and  c  d 


a  declittation-parallel.  The  most  successful  photo- 
graphing party  was  that  headed  by  Dr.  Mayer,  at  Bur- 
lington. But  the  two  photographs  by  Dr.  Curtis 
possess  a  special  value  on  account  of  their  delicacy 
and   the   number  of  details   they   exhibit.     He   has 
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Bhown  that  the  sharply-defined  outlinea  of  prominences, 
and  even  of  the  coronal  glare,  seen  in  most  photographs 
of  eclipBee,  result  from  ezcessive  development.  He 
proves  satiBfactorily,  also,  that  the  encroachment  of 
the  prominence-bases  on  the  black  disc  of  tlie  Moon  is 
due  to  a  similar  cause. 

In  Dr.  Cur^s's  contribution  to  Dr.  Sand's  elabor&te 
report  of  the  eclipse,  the  curious  reader  will  find  a 
very  iuteresting  investigation  of  the  aspect  of  the 
prominence  shown  between  e  and  c  in  fig.  78,  He 
refers  all  its  peculiarities  of  appearance  to  the  action  of 
a  cyclonic  storm  in  the  upper  regions  of  the  solar 
atmosphere  at  this  place. 

It  remains  only  to  be  noticed  that,  even  while  this 
work  has  been  passing  through  the  printers'  hands, 
Professor  Young,  of  America,  has  succeeded  in  ob- 
taining a  photograph  of  a  prominence  when  the  Sun 
has  been  shining  in  full  splendour.  Although  the 
result  is,  he  tells  us,  not  remarkable  as  a  presentation 
of  a  solar  prominence,  yet  as  indicating  the  possibility 
of  applying  photography  to  record  the  condition  of  the 
chromosphere  and  prominences  from  day  to  day,  from 
month  to  month,  and  from  year  to  year,  it  is  full  of 
l)romise.  The  time  seems  not  far  off  when  we  shall 
be  as  familiar  with  the  laws  according  to  which  these 
mysterious  objects  appear,  develope,  and  disappear 
within  the  solar  atmospheric  envelope,  as  we  have 
already  become  with  the  general  laws  affecting  the 
behaviour  of  Sun-spots, 
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The  coloured  prominenceB,  as  we  have  seen,  are 
phenomena  which  have  been  recognbed  cmly  in  recent 
times.  We  have  now  to  deal  with  a  phenomenon  which 
has  been  known  to  astronomers  for  a  much  longer 
period,  bnt  has  proved  more  diiGcuIt  of  interpretation, 
and  remains  even  at  the  present  day  not  clearly  under- 
stood. 

It  may  fairly  he  believed  that  during  the  earliest 
total  Bolar  eclipses  observed  by  mankind,  the  corona,  or 
crown  of  glory,  which  surrounds  the  black  disc  of  the 
Moon  must  hitve  attracted  attention.  Yet  the  records 
of  the  recognition  of  this  phenomenon  are  by  no  means  so 
distinct  as  might  have  been  expected.  We  do  not 
find,  indeed,  in  ancieot  works  professedly  treating  of 
the  phenomena  of  nature,  any  reference  to  the  im- 
posing appearance  presented  by  the  solar  corona.  The 
earliest  allusion  to  the  phenomenon  is  held  by  Professor 
Grant  to  be  that  passage  in  the  Life  of  '  ApoUonius' 
where  Philostratua,  speaking  of  the  signs  and  wonders 
which  occurred  before  the  death  c^  Domitian,  says, '  In 
the  heavens  there  appeared  a  prodigy  of  this  nature ; 
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a  certain  coroDa,  resembling  the  Iris,  surrounded  the 
orb  of  the  Sun,  and  obscured  his  light'  Taken  alone, 
this  passage  would  certainly  not  seem  intended  to 
describe  the  phenomena  of  a  total  eclipse;  but  as 
Philoetratus  afterwards  remarks  that  the  darkness  was 
so  great  as  to  resemble  night,  we  may  assume  with 
some  confidence  that  a  total  solar  eclipse  had  oc- 
curred. 

Plutarch  more  distinctly  describes  the  appearance 
actually  presented  by  the  corona  when  he  endeavours 
to  explain  why  the  darkness  during  a  total  eclipse  is 
not  BO  great  as  that  of  night  *  Even  though  the  Moon,' 
he  says, '  should  hide  at  any  time  the  whole  of  the  Sun, 
still  the  eclipse  is  deficient  in  duration  as  well  as 
amplitude,  for  a  peculiar  effulgence  is  seen  around  the 
circumference  which  does  not  allow  a  deep  and  very 
intense  shadow,' 

I  do  not  propose  to  record  in  full  the  observations 
which  have  been  made  upon  the  corona.  To  do  so 
would  occupy,  indeed,  much  more  space  than  can  here 
be  spared.  Keferring  the  reader  who  wishes  for  a 
more  complete  account  of  the  earlier  observations  to 
Professor  Grant's  admirable  '  History  of  the  Physical 
Sciences,'  I  shall  consider  here  those  observations 
alone  which  tend  to  throw  light  on  the  nature  of  tlte 
corona. 

Some  of  the  earlier  observers  of  total  solar  eclipses 
would  seem  to  have  been  misled  by  the  great  brightness 
of  the  corona  close  by  the  Sun,  and  to  have  supposed 
that  a  ring  of  direct  sunlight  had  remained  uncovered. 
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"We  shall  see  presently  that  moclem  observers  hare 
also  been  Btruck  with  the  brightness  of  the  light 
close  by  the  Sun;  and  it  seems  obvious  that, this 
bright  light  is  to  be  regarded  as  wholly  distinct  from 
the  light  of  the  chromosphere,  the  redness  of  which  is  too 
marked  to  escape  recc^ition.  Kemembering  that 
before  the  invention  of  the  telescope  the  corona  was 
the  only  marked  pbenomencn  to  which  observers 
were  able  to  direct  their  attention,  a  certain  weight 
attaches  to  their  comments  on  the  brightness  near  the 
Moon's  disc. 

ClaviuB  having  expressed  his  belief  that  the  eclipse 
of  1567  was  annular,  Kepler  was  led  to  investigate  the 
subject,  and  he  proved  that  that  eclipse  must  needs 
have  been  total.  In  160j  he  witnessed  a  total 
eclipse  at  Naples,  and  found,  in  the  features  it  pre- 
sented, the  explanation  of  the  remarks  of  Clavius. 
'  The  whole  body  of  the  Sun,'  he  says,  '  was  com- 
pletely covered  for  a  short  time,  but  around  it  there 
shone  a  brilliant  light'  We  might  suppose  that  he 
referred  to  the  chromosphere,  because  he  says  that  the 
light  was  '  of  a  reddish  hue  ;'  but  as  he  adds  that  it  was 
*  of  uniform  breadth,  and  occupied  a  considerable  part 
of  the  heavens,'  there  can  be  no  doubt  that  he  is 
fij>eaking  of  Uie  corona. 

Dr.  Wyberd  gives  a  remarkable  account  of  the 
appearance  of  the  corona  during  the  total  eclipse 
of  March  29,  1652.  *  When  the  Sun  was  reduced 
to  a  narrow  crescent  of  light,'  he  says, '  the  Moon  all 
at  once  threw  herself  within  die  margin  of  the  solar 
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disc  with  such  a^ity  that  she  seemed  to  revolve  like 
an  upper  millstoDe,  affording  a  pleasant  spectacle  of 
rotary  motion.  In  reality,  however,  the  Sun  was 
totally  eclipsed,  and  the  appearance  was  due  to  a 
corona  of  light  round  tiie  Moon,  arising  from  some 
unknown  cause.  It  had  a  uniform  hreadth  of  half  a 
digit,  or  a  third  of  a  digit  at  least ;  *  it  emitted  a  bright 
and  radiating  light,  and  appeared  concentric  with  the 
Sun  and  Moon'  when  the  middle  of  totality  was 
reached. 

It  need  scarcely  be  remarked  that  the  agility  with 
which  the  Moon  seemed  to  throw  herself  within  the 
mai^n  of  the  Sun's  disc  was  merely  apparent  It  has 
been  noticed  by  many  observers  that  the  total  obscura- 
tion of  the  Sun  seems  to  occur  suddenly,  tlie  Moon 
covering  the  last  sickle  of  sunlight,  apparently  at  a  leap. 
Irradiation  is  no  doubt  in  qaestion.  The  sickle  of 
light,  even  when  in  reality  it  is  indefinitely  fine, 
appears,  through  the  effects  of  irradiation,  to  have  a 
definite  breadth;  so  that  the  Moon  seems  to  traverse 
a  definite  distance  in  obliterating  what  is  in  truth 
the  finest  possible  curve  of  light.  But  beyond  this 
there  is  a  circnmstance  which  cannot  but  give  an 
appearance  of  somewhat  agile  motion  to  the  eclipsing 
disc  of  the  Moon.  Up  to  the  very  moment  when 
totality  is  about  to  begin,  the  air  between  the  ob- 
server and  the  Moon  is  illuminated  by  direct  sunlight. 
This  is  easily  seen  by  a  consideration  of  fig.  79,   in 

*  A  digit  aignifles  the  twelAh  part  of  tlie  wlw  dianetar.  The  term 
i>  nearly  otMolete. 
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which  ABCD  repreaeots  the  portion  of  the  Moon's 
shadow  in  the  atmosphere,  E  the  place  of  an  obeerver 
towards  whom  this  shadow  is  swiftly  advancing.  Then, 
until  the  shadow  actoally  reaches  E  (at  which  moment 
totality  begins)  a  line  drawn  from  e  to  d  will  pass  to 
the  lefi  of  the  line  a  d  m — as  in  the  direction  E  d/; 
BO  that,  since  the  line  a  d  m  is  necessarily  directed 
towards  the  Moon's  limb,  the  directly  illuminated  air 
(bounded,  of  course,  by  a  d)  extends  between  the 
observer  and  the  Moon.  Hence,  the  Moon's  disc 
seems  lighted  up  by  this  atmospheric  glare  until  the 


lUtutntiiig  the  eonditioD  of  the  Earth's  fttmoaphere  a  few  mmatoB 
before  toUlit;  id  a  solar  ecUpae. 

very  moment  when  totality  begins ;  and  as  the  curtain 
of  glare  is  drawn  suddeuly  away  towards  the  edge 
where  the  last  sickle  of  the  Sun's  direct  light  is  vanish- 
ing,  all  the  circumstances  tend  to  ^ve  an  appearance 
of  agile  motion  in  that  direction. 

As  respects  the  rotatory  motion  which  seemed  to  ac- 
company this  leap  forward  on  the  Moon's  part,  we  can 
very  well  understand  it  as  referring  to  the  comple- 
tion of  iht  corona,  which  must  needs  take  place  by  a 
sweeping  round  of  the  bounding  raye  to  close  in  upon 
each  odier  opposite  the  point  where  the  last  part  of  the 
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Sun'e  disc  disappears.  It  will  be  well  to  notJoe, 
however,  as  we  proceed,  whether  we  have  coDTincing 
evidence  of  an  apparent  motion  of  the  coronal  beams 
after  totality  has  begun.  The  evidence  on  this  point 
cannot  but  have  an  important  bearing  on  the  views  we 
are  to  form  respecting  the  corona. 

Dr.  Wyberd  saw  a  corona  of  very  limited  extent — 
indeed  only  half  a  digit  wide — corresponding  to  a  height 
not  half  60  great  as  that  of  many  prominences  which 
have  been  observed  during  recent  eclipses. 

Our  next  observation  refers,  however,  to  a  much 
more  favourable  view  of  the  corona. 

In  May  1706  Plantade  and  Capi^  saw  a  bright 
ring  of  white  light  surrounding  the  eclipsed  Sun,  and 
extending  to  a  distance  equal  to  about  one-tentb  part 
of  the  Moon's  apparent  diameter.  Outside  this  bright 
ring  a  fainter  light  could  be  reci^nised,  which  extended 
no  less  than  four  degrees  from  the  eclipsed  Sun,  fading 
olf  insensibly,  until  its  light  was  lost  in  the  obscure 
background  of  the  sky. 

In  1724  Maraldi  noted  a  circumstance  of  some 
importance.  At  the  beginning  of  the  total  eclipse 
which  was  observed  in  France  in  that  year  he  per- 
ceived that  the  corona  was  wider  on  tlie  side  towards 
which  the  Moon  was  advancing  than  on  the  opposite 
side.  At  the  close  of  totality  the  widest  part  of  the 
corona  was  on  the  opposite  side.  As  this  would  exactly 
correspond  to  what -would  be  observed  if  the  corona 
lies  beyond  the  Moon,  and  so  is  traversed  by  the  Moon 
precisely  as  the  Sun  himself  is,  it  will  be  well  for  us  to 
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notice  as  we  proceed  whether  Maraldi's  observation 
has  been  confirmed  or  disproved,  or  how  the  evidence 
stands  witli  respect  to  it. 

In  1733  B  total  eclipse  occurred  in  Sweden,  which 
was  observed  in  a  manner  reflecting  great  credit  on 
the  astronomers  of  diat  country.  The  Boyal  Society 
of  Sweden  invited  all  who  could  spare  the  time  to 
assist,  as  far  as  iJieir  ability  permitted,  in  recording  the 
phenomena  presented  during  total  obscuration.  Ac- 
cordingly there  are  few  echpses — perhaps  there  is  not 
one — to  the  phenomena  of  which  so  many  independent 
witnesses  give  testimony.  *  At  Catherineaholm  the 
pastor  of  Forshem  noticed  that  a  ring  of  tight  which 
appeared  round  the  disc  of  the  Moon  was  of  a  reddish 
colour — an  observation  confirmed  by  Vallerius,  another 
pastor,  who  noticed,  however,  that  at  a  considerable 
distance  from  the  Sun  the  ring  appeared  of  a  greenish 
hue.  The  pastor  of  Smoland  states  that  "  during  the 
total  obscuration  the  edge  of  the  Moon's  disc  resembled 
gilded  brass,  and  that  the  faint  ring  around  it  emitted 
rays  in  an  upward  as  well  as  in  a  downward  direction, 
similar  to  those  seen  beneath  the  Sun  when  a  shower 
of  r^n  is  impending."  The  mathematical  lecturer  in 
the  Academy  of  Charlesstadt,  M.  Edstrom,  observed 
these  rays  with  special  attention,  and  remarks,  respect- 
ing them,  that "  they  plainly  maintained  the  same  posi- 
tion, until  they  vanished  along  with  the  ring  upon  the 
reappearance  of  the  Sun,"  On  the  other  hand,  the 
ring,  as  seen  at  Lincopia,  seemed  to  have  no  rays, 
Frofesaor  Grant  remarks  that "  from  the  descriptions 
given  by  several  obaervers,  it  would  seem  that  at  the 
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cODHuencement  of  the  total  obscuration  the  nog  ap- 
peared brighter  and  broader  at  the  part  of  the  Moon's 
limb  where  the  Sun  had  dbappeared,  but  that  towards 
the  close  of  the  obscuration  it  was  more  conspicuous  in 
both  these  respects  at  the  part  whore  the  Sun  was 
about  to  emei^e." '  " 

It  is  observable,  therefore,  of  this  well-watched 
eclipse  that  it  confirms  Maraldi's  observation,  while 
the  variety  of  appearance  presented  by  the  corona  at 
different  statione  would  point  to  the  conclusion  that  if 
the  corona  is  not  a  phenomenon  of  our  own  atmosphere, 
its  light  must  for  the  most  part  be  of  a  very  delicate 
nature,  insomuch  that  seemingly  unimportant  diffei^ 
ences  in  the  circumstances  under  which  it  is  viewed 
suffice  to  modify  its  aspect  to  a  very  noteworthy  extent. 
We  shall  see  presently  that  during  recent  eclipses 
similar  evidence  has  been  afforded  of  the  extreme 
faintness  of  a  large  portion  of  the  coi-onal  light. 

During  the  eclipse  of  1766  the  corona  exhibited 
four  remarkable  expansions,  separated  from  each  other 
by  nearly  equal  intervals. 

In  the  account  given  by  Don  Antonio  d'Ulloa 
of  the  ^pearance  presented  by  the  total  eclipse  of 
1778,  we  again  find  a  reference  to  the  appearance  of 
rotatory  motion  in  the  corona.  '  Five  or  six  seconds 
after  the  commencement  of  the  total  obscuration,*  he 
writes, '  a  brilliant  luminous  circle  was  seen  surround- 
ing the  Moon,  which  became  vivid  as  the  centre  of 

■  From  an  uticle  in  the  CvmMl  for  October  I8T0  (bj  the  pnsent 
*iit«r). 
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that  body  continued  to  approach  the  centre  of  the  San. 
About  the  middle  of  the  eclipse  ite  breadth  was  equal 
to  one-sixth  of  the  Mood's  diameter.  There  appeared 
issuing  from  it  a  great  number  of  rays  of  unequal 
length,  which  could  be  discerned  to  a  distance  equal 
to  the  lunar  diameter.  It  seemed  to  be  endued  with 
a  rapid  rotatory  motion,  which  caused  it  to  resemble  a 
firework  turning  around  its  centre.  The  colour  of 
the  light  was  not  uniform  throughout  the  whole  breadth 
of  the.ring.  Towards  the  mai^n  of  the  Lunar  disc  it 
appeared  of  a  reddish  hue ;  then  it  changed  to  a  pate 
yellow,  and  from  the  middle  to  the  outer  border  the 
yellow  gradually  became  fainter,  until  at  length  it 
seemed  almost  quite  white.' 

The  next  eclipse  during  which  new  features  of  im- 
portance were  noticed,  was  that  of  1842.  We  have 
seen  how  carefully  the  prominences  were  observed 
daring  that  eclipse,  and  how  many  eminent  astronomers 
were  engaged  in  noting  the  phenomena  presented 
during  the  total  obscuration  of  the  Sun.  The  corona 
was  also  carefully  studied.  Indeed,  one  is  inclined 
almost  to  regard  it  as  a  misfortune,  that  the  same 
astronomers  who  tell  us  about  the  appearance  of  the 
prominences,  are  those  from  whom  we  derive  our  in- 
formation respecting  the  corona.  One  cannot  but  feel 
that  the  accurate  observation  of  both  phenomena  was 
more  than  could  be  expected  even  from  the  most 
skilful  astronomers,  and  that  a  division  of  labour  might 
have  been  advisable. 

The  apparent  motion  of  the  corona  was  noticed  by 
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several  ohaervera.     Some  of  those  statioaed  at  MonU 
pellier  thought  that  the  corona  had  a  rotatory  motion. 
Francis  Baily  compared  the  appearance  of  the  corona 
to  the   flickering  light  of  a  gas  illumination.     Otto 
Struve,  also,  was  much  struck  by  the  violent  agitation 
to  which,  as  it  seemed  to  him,  the  light  of  the  ring  was 
subjected.     The  apparent  extent  of  the  corona  as  seen 
by  different  observeiB  varied  in  a  somewhat  surprising 
manner.     Otto  Struve,   observing   at   Lipeak,   found 
the  breadth  of  the  corona  equal  to  the  Moon's  apparent 
diameter;  while  M.  Petit,  observing  at  Montpellier, 
assigned  to  the  corona  a  breadth  scarcely  exceeding 
one-fourth  of  this  amount.     Baily's  estimate  lay  be- 
tween these  values.     Nor  were  the  observers  in  agree- 
ment  as   to   the   general  appearance  of  the   corona. 
Otto   Struve  observed  several  lumiuous   expansions, 
some  of  them  extending  fully  four  degrees  from  the 
Moon's  limb.     Siguor  Picozzi,   observing  at   Milan, 
Baw   two  jets  of  light   occupying    a  position  which 
corresponded   very  nearly  with   that  of  the   ecliptic 
SeveriU  observers  in  France  noticed  a  similar  peculi- 
f.     Minor  rays,  also,   were  distinctly  recognised 
klauvais  at  Perpignan,   and   by  Baily  at  Pavia. 
lastr-named  astronomer  remarks,  indeed,  that  the 
rging  rays  were  sufficiently  marked  to  deprive  the 
na  of  the  appearance  of  a  ring.    But  Mr.  Airy, 
rving  the  coroua  from  the  Superga,  could  scarcely 
^niae  any   radiation  whatever ;    and  he  remarks, 
'  although  a  slight   radiation  might   have  been 
eptible,  it  was  not  sufficiently  intense  to  affect  in 


D,Q,t,7=^-i>,  Google 


THE  CORONA  AND  ZODIACAL  LIGHT.      323 

s  sensible  degree  the  annular  structure  by  which  the 
luminous  appearance  was  plainly  distinguished.' 

If  we  consider  the  accounts  which   the  observers 
^ve  of  the  brilliancy  of  the  corona,  we  shall  find  that 
these  peculiarities  are  iu  accordance  with  the  theory 
that  atmospheric  conditions   were  alone  in  question. 
At  the  Superga  the  brijihtness  of  the  corona  seemed 
no    greater  than  that  of  the  Moon ;   but  at  Pavia, 
where  Bailywas  stationed,  the  splendour  of  the  corona 
waa   much  greater.     *  I  had  imagined,'  this  observer 
writes,  *  that  the  corona,  as  to  its  brilliant  or  luminous 
appearance,  would  not  be  greater  than  that  faint  cre- 
puscular light  which  sometimes  takes  place  in  a  summer 
evening,  and  that  it  would  encircle  the  Moon  like  a  ring. 
I  was  therefore  somewhat  surprised  and  astonished  at 
the  splendid  scene  which  now  so  suddenly  burst  upon 
my  view.'     We  have  seen  that  at  Lipeak  the  corona 
Beemed  to  extend  much  farther  from  the  Sun  than 
elsewhere,  and  accordingly  we  find  that  its  brilliancy  was 
also  far  greater.    The  light  was  so  bright,  Struve  writes, 
that  the  naked  eye  could  scarcely  endure  it.      Many 
could  not  believe,  indeed,  that  the  eclipse  was  total,  so 
strongly  did  the  corona's  light  resemble  direct  sunlight. 
But  perhaps   the   most   interesting   and   important 
observations  mode  in   1842  are  those  which  refer  to 
the  structure  of  the  coronal  light.     It  was  noticed  at 
Montpellier  that  the  light  of  the  corona  was  not  uni- 
form, nor  merely  marked  with  radiations,  but  that,  in 
places,  interlacing  lines  of  light  could  be  seen.    Arago, 
at   Perpignan,   recognised   this   peculiarity   with   the 
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naked  eye.  He  saw, '  a  little  to  the  left  of  a  diameter 
passing  through  the  highest  point  of  the  Moon's  limb, 
a  luminous  spot  composed  of  jets  entwined  in  each 
other,  and  in  appearance  resembling  a  hank  of  thread 
in  disorder.' 

The  accompanying  picture  (fig.  80)  represents  the 


The  £clipM  of  1842. 

general  phenomena  seen  during  the  eclipse  of  1642 ; 
hut  it  must  he  remembered,  that  such  illustrations 
cannot  he  regarded  as  accurately  representjog  detuls, 
because  they  are  nsually  drawn  after  the  eclipse  is  over, 
and  represent  merely  what  the  observer  remembers. 
Until  the  whole  duration  of  a  total  eclipse  is  devoted  by 
a  skilful  observer  and  draughtsman  to  the  delineation 
of  the  corona,  we  cannot  expect  to  have  really  trust- 
worthy views. 
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During  the  eclipse  of  1851  no  observations  were 
made  vrfaich  tended  to  throw  new  light  on  the  nature  of 
the  coronL  It  is  wortliy  of  notice,  however,  that  the 
Astronomer  Royal  found  the  aspect  of  the  corona 
different  from  what  he  had  noticed  in  1842.  *  The 
corona,'  he  lajs,  *  was  far  broader  than  that  which  I 
saw  in  1642.  Roughly  speaking,  the  breadth  was  little 
less  than  the  Moon'a  diameter,  but  its  outline  was  very 
irregular.  I  did  not  notice  any  beams  projecting  from 
it  which  deserved  notice  as  much  more  conspicuous 
than  the  others;  but  the  whole  was  beamy,  radiated  in 
structure,  and  terminated — though  very  indefinitely — 
in  a  way  which  remiudedme  of  the  ornament  frequently 
placed  round  a  mariner's  compass.  Its  colour  was 
white,  or  resembling  that  of  Venus.  I  saw  no  flicker- 
ing or  uDsteadinesB  of  light.  It  was  not  separated 
from  the  Moon  by  any  interval,  nor  had  it  any  annular 
structure.  It  looked  like  a  radiated  luminous  cloud 
behind  the  Moon.' 

These  observations,  Oombined  with  what  had  been 
before  noticed,  seem  to  demonstrate  that  the  aspect 
(^tfae  corona  is  variable  according  to  the  ciroumstaoces 
under  which  it  is  viewed.  It  does  not  seem  to  be 
established  that  the  rotatory  and  flickering  motions 
suspected  by  other  observers  were  only  optical  illusions, 
thoogh  tlie  observation  of  the  steadiness  of  the  corona 
by  such  an  observer  as  the  Astronomer  Royal  goes  iar 
to  negative  observations  of  motion  by  less  experienced 
astronomers.     In  the  case  of  a  phenomenon  like  the 
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corona,  it  is  easier  to  imagine  moTemeot  in  the  ring  of 
light  than  to  become  conviDced  of  its  fixedness. 

The  eclipse  of  1858,  virible  in  Brazil,  is  chiefly  re- 
markable on  account  of  the  strange  drawing  made  by 
the  French  astronomer  Lius  (fig.  81).  Unfortunately 
■we  have  no  observations  confirming  the  accuracy  of 
this  singular  picture. 

The  eclipse  of  1660  is  remarkable  as  the  first  in 


The  KelipM  of  1S6B.    (Li<a».) 

which  the  powers  of  phot<^raphy  were  employed  to  aid 
in  the  resolution  of  the  problems  presented  by  the 
corona.  It  will  be  seen,  on  a  reference  to  figs.  66  and 
67,  that  Mr.  De  La  Rue  succeeded  in  obtaining  traces 
of  the  corona.  Those  seen  in  Father  Secchi's  photo* 
graphs  are  somewhat  more  distinct,  the  method  he 
employed  giving  a  smaller  and  more  fuUy  illuminated 
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imagfl.     Id  a  third  of  Fr.  Secchi's  photographs  (fig.  82) 
the  corona  is  jet  more  distinctly  shown. 

The  extension  of  the  corona  in  fig.  82  is  regarded  by 
Fr.  Secchi  as  corresponding  to  the  Bolar  equator,  whose 
position  is  very   nearly  indicated  by  the   cross-wire 


The  Ediiiee  of  I860.    From  a  Pbutoer^pl)  bj  Secchi. 

shown  in  the  figure.  '  La  couronne,'  he  says,  *  est 
tr^irr^guli^re.  mais  on  pent  remarquer  qu'elle  pr£- 
sente  uoe  ^tendue  plus  considerable  &  droite  et  i 
gauche  que  dans  lea  aatres  directions,  c'est-^ire 
qu'elle  est  plus  d^velopp^e  dans  le  plan  de  I'^quateur 
(solaire)  qne  suivant  la  Hgne  des  poles.*  But,  as  Fr. 
Secchi  himself  points  out  further  on,  the  figure  indicates 
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rather  an  extension  opposite  four  pmnts  lying  between 
the  equator  and  polea,  than  on  extension  at  the  equator. 
In  fact,  fig.  82  preaenta  a  very  stiiking  resemblance 
to  Mr.  'WTiipple's  picture  further  on  (fig.  8S).  It  is 
worthy  of  notice,  too,  that  not  only  does  the  outline  of 
the  corona  present  this  quadrilateral  aspect,  but  in  the 
bright  parts  dose  to  tJie  Moon's  limb  there  are  four 
corresponding  regions  of  greatest  brilliancy.  In  the 
second  of  Mr.  De  La  Hue's  photographs  the  brightest 
portions  seem  similarly  disposed.* 

Some  of  the  direct  observations  made  in  1860 
serve  also  to  throw  important  light  on  the  nature  of 
the  corona.  To  the  Astronomer  Koyal  the  corona 
presented  much  the  same  aspect  as  in  1851.  Bruhns 
of  Leipaic  states  that  when  the  last  rays  of  the  Sun 
disappeared,  the  corona  shone  out  with  a  white  light, 
of  such  brilliancy  that  the  protuberances  were  almost 

■  Ooe  csDDot  irhollj  agies  with  Father  Seodii's  Tcmuk,  tbat  Hr. 
DcLsBus'iphotognpIuaJIbtdiKievidsnce  ofthepeouliarqaBdrilMeinl 
eipBluiioD  of  tliB  coronu  contspondiiig  to  tlie  potition  of  the  lone  of 
■pots.  It  is  tme,  howarer,  that  vhea  Ft.  Seechi '  published  hia  ncnlta, 
aatroDDmeiB  did  not  concHtl  thrir  doubt«.'  If  the  tipuisioi)  of  the 
COCDDB  in  four  direclions  be  regarded  as  nn  ordinary  pheDomeDDn  (and 
Te  hare  nen  hov  often  it  has  been  naticed),  Boms  my  peiplazing 
questioDB  would  be  prurntod  ai  to  the  cause  of  the  pecoliaiity.  A 
rrctuigulu  figure,  like  that  shown  in  flg.-SS,  would  corrwpoud  to  a 
cylindricAl  real  figure;  but  it  would  alio  correspond  to  other  flgnrea  of 
three  dimenBioaa.  It  ia  indeed  ponaible  that  there  may  be  ua  ooroua  at 
all  oppomte  the  aolar  polea,  the  light  we  aee  there  b«Dg  merely  a  foro- 
shortened  view  (ou  this  supposition)  of  the  great  extension  orer  the  spot 
belU.  In  this  case  the  true  figure  of  the  coronu  would  roaemble  that 
due  to  the  rotation  of  two  hypetl)olw  hsiTing  the  same  axes,  around  on« 
of  theaeazBB 
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obliterated.  He  adds,  *  the  blnck-Iookiag  Moon  was 
Burrounded  by  a  clear  light  of  unequal  breadth.  It 
was  considerably  wider  below  than  above,  varying  from 
neariy  on&-ha]f  to  a  quarter  of  a  degree,  and  its  gene- 
ral appearance  gave  me  the  idea  that  the  Moon  was  ec- 
centrically placed  within  it.  Its  general  outline  was 
circular,  but  on  the  eastern  side  a  long  ray  shone  out 
to  a  distance  of  about  a  degree  (that  is,  twice  the  Moon's 
apparent  diameter) ;  itwasofataperingligure.  During 
the  ten  seconds  that  my  attention  was  directed  to  it, 
neither  the  direction  nor  the  length  of  the  ray  varied ; 
its  light  was  considerably  feebler  than  that  of  the 
corona,  which  was  of  a  glowing  white,  and  seemed  to 
coruscate  or  twinkle.  My  assistant,  M.  Auerbach, 
noticed,  in  the  south-western  part  of  the  corona,  a 
curved  tay  about  a  tenth  of  a  degree  in  length.'  Father 
Seccbi  found  that  the  corona  could  be  seen  with  the 
naked  eye  for  about  forty  seconds  after  the  reappear- 
ance of  the  Sun,*  the  solar  light  shining  Uke  an  electric 
lamp  projecting  tremulous  shadows.'  Mr.  De  La  Rue 
states  that '  several  minutes  before  totality  the  whole 
contour  of  the  Moon  could  be  distinctly  seen :  when 
totality  had  commenced,  the  Moon's  disc  appeared  of  a 
deep  brown  in  the  centre  of  the  corona,  which  was 
extremely  bright  near  the  Moon's  limb,  and  appeared 
of  a  silvery  white,  softening  off  with  a  very  irregular 
outline,  and  sending  forth  some  long  streams.  It  ex- 
tended generally  to  about  from  seven  to  eight  tenths  of 
the  Moon's  diameter.'      This  description  corresponds 
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very  satisfactorily  with  the  appearance  represented  in 
the  accompanying  picture  (fig.  83)  by  Feiiitsch. 

During  the  eclipse  of  April  1865  it  was  noticed  that 
the  corona  continued  visible  for  thirty-Bix  se<^nds  after 
the  appearance  of  the  first  rays  of  direct  sunlight. 

The  eclipse  of  March  1867  was  only  annular,  yet  it 
presented  a  feature  well  worth  careful  consideration, 


The  Curunii  dutiDg  the  Eclipiie  of  1860.    {FeilitKh.) 

and  that  at  a  station  considerably  removed  from  the 
line  of  central  eclipse.  O.  Strove  and  Wagner,  using 
the  great  equatorial  of  the  Fulkowa  observatory, 
noticed  that  when  the  eclipse  reached  its  greatest 
phase,  the  outline  of  that  part  of  the  Moon's  disc, 
which  was  outside  the  Sun's,  could  be  distinctly  seen. 
Schwabe,  who  observed  the  same  phenomenon  at 
Dessau,  noticed  that  this  part  of  the  Moon's  disc  was 
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rendered  visible  bj  its  Buperior  blRcknesa ;  a  circum- 
stance which  proves  that  the  light  of  the  corona  must  be 
ooosiderablf  Ktronger  than  the  illuniinated  atmosphere 
near  the  Moon's  place,*  even  vrhen  a  portion  of  the 
Sun's  direct  light  is  falling  upon  the  air  there. 

The  total  eclipse  of  August  1867  attracted  very 
much  leas  attention  than  those  which  occnrred  during 
the  same  month  of  the  two  followmg  years.  Yet  the 
observations  made  by  Herr  Orosch,  of  the  Santiago 
observatory,  Chili,  in  conjuoction  with  Vice-Director 
Yergaza  and  Lieut.  Vidal,  are  full  of  significance  in 
connection  with  the  main  object  of  this  chapter, 
which  is  the  determination  of  the  true  theory  of  the 
corona.  At  the  moment  when  totality  began, '  there 
appeared,'  says  Herr  Groech,t  'around  the  Moon  a. 
reddish  glimmering  light,  similar  to  that  of  the  aurora, 
and  almost  simultaneously  with  this  (I  mean  very 
shortly  after  it)  the  corona.  This  reddish  glimmer, 
which  surrounded  the  Moon  with  a  border  of  the 
breadth  of  at  most  five  minutes,  was  not  sharply 
bounded  in  any  part,  but  was  extremely  difiused, 
and  less  distinct  in  the  neighbourhood  of  the  poles. 
I  can  decidedly  con8na  this  at  least  as  regards  the 
Sun's  north  point,  but  not  so  much  so  of  the  south 
point,  as  that  part  was  less  observed  by  me,  but  was 
more  particularly  attended  to  by  Lieutenant  Vidal, 

*  B;  the  atmoipliare  nsar  the  Mood'i  place,  I  mean  Chat  part  of  the 
atinoaphen  which  li«a  nearlj  io  the  nne  direction  a«  the  Hood.  Of 
eoniM  it  is,  in  Teslitj.Ter?  ftutMllOT*!!  ftton  the  Uocm'B  true  place. 

t  I  qnote  (&0111  the  Sfixbnt  for  Harcb  1860)  Mi.  Ljnn'a  tnnalatioii 
of  Heir  Graoch'*  : 
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who  could  not  afterwards  give  any  more  positiTe 
information  concerning  this  phenomenon.  ...  To  speak 
now  of  the  corona; — its  extent  was  considerably 
longer  in  the  direction  of  the  Sun's  equator;  and  in 
considering  its  nature,  we  must,  I  believe,  look  upon 
it  as  decidedly  unconnected  with  him.*  Whereas,  in 
the  direction  of  its  poles,  its  apparent  height  exceeded 
that  of  the  Moon  by  only  a  third  of  her  diameter ; 
in  the  direction  at  right  angles  to  this,  its  extent 
amounted  to  four-iifths  of  that  diameter.  Its  light  was 
white,  brighter  on  the  Moon's  limb,  and  becoming 
gradually  fainter  on  the  other  side.  This  white  light 
was  not  in  the  Uaat  radiated  ilte/f,  but  it  had  the 
appearance  of  rays  penetrating  through  it ;  or  rather 
aa  if  rays  ran  over  it,  especially  in  the  direction  of  east 
and  west,  forming  symmetrical  pencils  divei^ng  out- 
wards and  passing  far  beyond  the  boundary  of  the 
white  light.  These  rays  had  a  more  bluish  appearance, 
and  might  best  be  compared  to  those  produced  by  a 
great  electro-magnetic  light.  Their  similarity  to  these 
indeed  was  so  striking  that  under  other  circumstances 
I  should  have  taken  them  for  such,  shining  at  a  great 
distance.  The  view  of  the  corona  here  described  i^ 
that  seen  with  the  naked  eye.  I  employed  but  a  very 
short  time  upon  it,  only  as  much,  in  fact,  as  was 
necessary  to  obtain  a  mere  momentary  view  of  the 
general   appearance  of  the   totality.      And   now,   in 

*  H»T  Oroach  obrioosly  do«g  not  mMn  that  the  cotooa  ia  not,  in  hi« 
□pioioD,  ft  solu  ^pendage.  bot  Oat  there  i»  no  eontinnoua  eonneetim 
between  the  Sun  and  (ha  mrana ;  that  it  ii  not,  in  ttm,  of  the  mtura  of 

a  solai  atmosphera. 
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conclusion,  I  would  just  meDtion  another  phenomenoD, 
which  seemed  to  ine  too  important  to  pass  unnoticed. 
It  showed  itself  exactly  at  the  north  point  of  the  Sun. 
In  the  white  light  of  the  corona,  close  upon  the 
Moon's  limb,  there  appeared  several  dark  curves. 
They  were  symmetrical  I  j  arched  towards  the  east  and 
west,  sharply  drawn,  and  reeembliiig  in  tint  lines  drawn 
with  a  lead  pencil  upon  white  paper.  They  gave  the 
impression  as  if  they  proceeded  from  one  point,  which 
point  was  on  the  other  side  of  tJie  Moon ;  not,  however, 
on  tlie  limb,  but  somewhat  nearer  the  centre  of  the 
Sun.  Beginning  at  the  distance  of  one  minute,  they 
could  be  traced  up  to  about  nine  minutes  from  the 
Moon's  limb.  Throughout  the  duration  of  the  eclipse 
theif  underwent  no  alteration  wkattver,  remuning  con- 
stant both  in  form  and  colour  until  the  disappearance 
of  the  corona.  Lieutenant  Yidal  (agreeing  with 
Signor  Vergaza)  si^aks  of  a  similar  appearance,  ex- 
actly at  the  south  point,  in  the^form  of  a  fan  or  sheaf- 
formed  tuft  of  light ;  but  he  says  nothing  of  character- 
istic dark  cnrves,  such  as  I  saw  at  the  north  point. 
There  is,  however,  no  cause  to  doubt  the  accuracy  of 
the  observed  facts.  These  dark  cwrres  indicate  a 
strong  m^netic  polar  force  of  the  Sun,  so  that  an 
appearance  of  the  kind  in  question  might  be  seen  at 
the  south  as  well  as  at  the  north  point;  but  perhaps 
being  less  developed  at  the  former  than  at  the  latter, 
it  was  less  perceptible.' 

It  is  impossible  to  read  this  account  without  feeling 
how  much  might  he  learned  from  a  systematic  survey 


of  Uie  corona ,  during  any  considerable   total  eclipse. 
Here  were  three  observers  only,  who  each  gave  to  the 


D,Q,t,7=^-i>,  Google 


THE  CORONA  AND  ZODIACAL  LIQST.      335 

i  but  a  fugitive  attention,  and  yet  their  accounts 
a^%e  in  pointing  to  the  eziatence  of  appearances  which 
merited  a  thorough  study  during  ^e  whole  continuance 
of  totality,  and  that  not  by  two  or  three  observers  only, 
but  by  ten  or  twelve  at  least,  each  appointed  to  the 
investigation  of  some  special  feature. 

The  study  of  the  corona  was  one  of  the  subjects  to 
which  the  attention  of  the  observers  sent  out  to  view 
the  great  eclipse  of  August  1868  was  specially  directed. 
More  seems  to  have  been  hoped  from  the  application  of 
spectroscopic  and  polariscopic  analysis  than  from  direct 
obeervation;  and,  aco<Hrdingly,  the  beat  accounts  we 
have  of  the  genei-al  aspect  of  the  corona  are  those 
derived  from  observers  not  belonging  to  the  expe- 
ditionary parties.  We  owe  to  the  professors  of  the 
coU^e  of  Manilla,  who  observed  the  eclipse  at 
Mantawalok,  the  ,  accompanying  very  remarkable 
drawing  of  the  corona.  It  is  important  to  notice  that, 
unlike  most  pictures  of  the  corona,  this  one  can  be 
trusted.  Owing  to  the  want  of  success  which  had 
attended  all  attempts  to  photograph  the  corona,  the 
professors  were  led  to  think  of  an  ingenious  plan  for 
obtaining  exact  drawings.  They  prepared  beforehand 
several  sheets  of  paper,  which  were  introduced  one 
afler  another  into  a  dark  chamber,  so  that  the  image  of 
the  eclipsed  Sun  fell  upon  them,  and  the  features  of 
the  corona  were  rapidly  sketched  out  on  eaoh.  The 
corona  is  described  as  of  a  somewhat  triangular  aspect; 
yet  it  is  to  be  noticed  that  there  are  four  rays  of  the 
longer  sort,  so  that  the  corona  in  this  case,  as  in  so 
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vaxaj  others,  exhibits  &  general  approach  to  the  trape-' 
zoidal  figure.  The  slightly  curved  streak  of  white 
light  crossing  the  longest  of  the  coronal  beams  is  a 
very  remarkable  feature.  This  streak  is  described  as  of 
an  intensely  white  and  uniform  light  It  appeared  (or 
was  at  least  first  noticed)  some  two  minutes  after  the 
beginning  of  the  totality,  and  remained  visible  until 
the  Sun  began  to  reappear. 

The  pvlariscopic  observations  made  during  this 
eclipse  on  the  light  of  the  corona  were  not  successfuL 
The  observers  agreed,  indeed,  that  the  light  of  the 
corona  was  polarised  in  a  plane  through  the  Sun*s 
centre;  a  circumstance  which,  if  confirmed,  would  go 
far  to  prove  that  the  corona  shines  by  reflecting  the  Sun's 
light ;  but  the  Astronomer  Royal,  who  has  carefully 
examined  their  accounts,  considers  that  no  dependence 
can  be  placed  on  their  conclusions.  I  may  as  well  add 
that,  during  the  eclipse  of  1869,  the  .Ajnerican  observers 
obtained  a  different  result,  and  that,  in  the  opinion  of 
those  best  competent  to  judge,  the  question  of  the 
polarisation  of  the  corona's  light  in  a  plane  through 
the  Sun's  centre  remains  still  in  abeyance. 

Lieutenant  Tennant  examined  the  light  of  Ae 
corona  with  the  same  spectroscope  which,  as  we  saw 
in  the  last  chapter,  has  given  information  of  such  in- 
terest respecting  the  coloured  prominences.  He  saw 
ft  faint  continuous  spectrum.  '  Thinking  that  want  of 
light  prevented  my  seeing  tiie  bright  lines  which  I  had 
fully  expected  to  see  on  the  lower  strata  of  the  corona, 
I  opened  the  jaws  of  the  slit.'    He  still  &iled  to 


D,r,,t,7=^-l>,  Google 


THE  CORONA  AND  ZODIACAL  LIOBT.      337 

recognise  any  signs  of  bright  lines.  'What  I  taa, 
he  writes  (the  italics  are  his) '  teat  undoubtedly  a  con- 
tinuaut  ipectrum,  and  I  tato  no  lines.  There  niay 
hare  been  dark  lines,  of  course,  but  with  so  faiot  a 
spectrum,  and  the  jaws  of  the  sht  wide  apart,  they 
might  escape  notice." 

Before  discussing  this  result,  I  proceed  to  mention 
other  evidence  bearing  on  the  same  point. 

During  the  eclipse  of  August,  1869,  several  of  the 
American  observers  renewed  the  attempt  to  determine 
the  exact  nature  of  the  corona-spectrum.  Their  re- 
sults were  not  accordant.  Professor  Pickering  obtained 
a  faint  continuons  spectrum  crossed  by  three  bright 
lines.  Professor  Harkness  recognised  only  one  bright 
line  on  a  continuous  background.  After  observing 
the  spectrum  of  the  prominences,  he  aaked  Professor 
Eastman,  who  was  directing  the  telescope,  to  bring  the 
corona  into  llie  field,  A  bright  part  of  the  corona  was 
thus  brought  under  examination,  but  no  spectrum  ap- 
peared. '  I  asked  him  to  try  another  place.  Still 
nothing  was  visible ;  and,  raising  my  head  from  the  in- 
strument for  the  first  time  since  the  commencement  of 
the  totaUty,  I  remarked, "  Can't  see  any  spectrum;  don't 
believe  we  will  get  any."  *'  OhI  yes,  we  will,"  said  he. 

*  It  ia  rtnnge  Uiat,  notwiUutuxiing  the  verj  pUin  account  gtnm  by 
Lievt-Col.  Tennuit.  it  Blumld  oontinne  to  ba  suerted  th&t,  Mcoiding  to 
his  obserr&tions,  tlis  ooruiia  gam  a  BOlar  BpMtroia ;  that  is,  a  spectrum 
tpwtcd  b;  the  FrkmihofBr  linee.  Hie  AmsiiiMn  obserren  wne  so 
mitled  by  this  afoertioD  as  to  uuch  epeeUllj'  for  tba  dark  lioea  which 
Cokmel  Teanant  vM  tnppoead  U>  have  aeen.  The  obvioiu  meaning  of 
hie  namtiTe  ia,  that  he  mw  a  eontinnona  ipectnun,  without  eitherdaA 
linee  or  brigbt  Unea. 
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At  that  inatant  it  etnick  me  that  perhaps  the  slit  was 
too  narrow ;  so  I  opened  it  a  little,  and  then  again 
placed  my  eye  at  the  instnim^t.  In  the  meantime 
£astman  had  put  the  needle  at  a  very  hrigbt  part  of 
the  corona,  and  I  at  once  saw  a  continaous  spectrum, 
about  as  bright  as  that  given  by  the  full  Moon  on  a 
clear  night.  Bemembering  that  the  obserrers  in  India, 
in  August  1868,  bad  said  that  the  corona  gives  a  con- 
tinuous spectrum  with  absorption  lines '  (a  mistaken 
idea,  as  mentioned  in  the  last  note),  *  I  looked  very 
carefully  for  them ;  but,  to  my  great  surprise,  I  could 
see  none,  and  I  am  perfectly  satisfied  that  none  were 
visible  in  my  instrument  On  the  contrary,  I  saw  an 
absolutely  continuous  spectrum  crossed  by  a  single 
bright  line,  whose  position  was  recorded.'  This  line 
was  in  the  green,  and,  if  actually  in  the  place  assigned 
by  Harkneea,  would  correspond  to  a  line  belonging  to 
the  spectrum  (^copper.  But  as  he  makes  the  line  co- 
incident with  one  of  the  prominence-lines,  it  seemg  cer- 
tain that  it  can  be  no  other  than  a  line  of  iron,  dose 
by  the  E  lines,  which  has  been  seen  by  several  ob- 
servers in  the  spectrum  of  the  prominences.'   Professor 

*  TtiiB  inm  lice  appssn  also  u  >  bright  Una  in  the  Hpectmn  of  tbe 
anron,  acconliiig  to  the  best  obMrrationg  hitlierto  mods.  As  I  vtite, 
I  receiTe  flram  Mr.  Broviiiiig  an  aoconnt  of  his  obBerration*  on  the 
aurora  of  October  25,  with  one  of  hie  miniatare  ipecttoacopes.  Es  saw 
ft  bright  line  near  b,  and  another  not  far  from  b.  Mr.  Birminghain  of 
Tuam,  with  a  ainiilar  instmnienti,  aair  the  nsoal  bright  line  in  the  grees, 
one  not  far  from  it  to  the  Isfl,  Teiy  tuat,  and  one  of  medium  biightmeaa 
near  r.  ProfMeor  Wsnlock  notes  font  linee  in  the  jellow-gieen  part  of 
tlie  Bpectmm,  and  one  wmewhat  mora  refrangible  than  the  f  line.  All 
these  acMmnts  are  reconcilable  irhen  we  remember  tbe  extreme  faintneas 
of  the  auroral  light,  and  tbe  fact  that  no  exact  determination  bj  the 
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Young  paid  particular  attention  to  the  spectroscopic 
obeerration  of  the  corona.  He  also  had  been  migled 
by  erroneous  accounts  respecting  the  Indian  observa- 
tiona,  and  bo  expected  to  see  a  faint  solar  spectrum.  He 
found,  on  the  contrary,  that  the  light  of  the  corona  gave 
a  spectrum  of  bright  lines.  He  saw  three  such  lines, 
and  he  considere  it  certain,  from  their  close  agreement 
with  those  shown  in  Professor  Winlock's  picture  of 
the  aurorarspectrum,  '  that  the  corona  is  simply  an 
electric  discharge,  no  doubt  varying  with  great  ra[Hdity, 
as  we  see  in  the  case  of  the  aurora ;  in  fact,  that  the 
corona  is  a  permanent  solar  aurora.' 

Now,  although  these  accounts  seem  at  first  sight  dis- 
cordant, it  appears  to  me  that  they  can  be  brought 
into  ^reemeot,  not  only  with  each  other,  but  with 
Lieutenantr-Colonel  Tennant's,  by  a  consideration  of 
the  circumstances  under  which  they  were  severally 
made.  Tennant,  seeing  only  a  continuous  spectrum, 
opened  ihe  slit  somewhat  widely :  '  the  jaws  of  the  sUt 
were  wide  apart,'  he  says ;  too  wide,  I  imagine,  to  show 
the  bright  lines.  For,  from  what  is  shown  at  p.  144,  it 
wUl  be  seen,  that  the  brightness  of  the  coronal  bands 


method  of  eoincidencea  has  ever  jet  been  Bttanpted.  I  had  writtea 
rirthec  to  the  effect  that,  ■  evea  when  the  aaioisl^light  ii  onlj  roddy  to 
the  eje,  no  red  lines  an  seen,  so  tbat  w«  may  oouetode  that  the  ezeen  of 
led  ii  due  to  a  pecnliaritj  in  the  light  of  mixed  re&aDgibilit]'  forming  the 
coDtinoous  ipectmm,' when  I  learned  that,  on  thesveniiig  of  October  21, 
Ht.  J.  B.  Capmn,  with  one  of  Bnwning's  imall  diiect-viBion  spectra- 
ecopM  (adapted  to  star  obeerration),  had  eoceeeded  in  obwrring  a  line 
in  the  ted, '  very  maeh  like  the  lithinm  line,  but  rather  more  dnakf.  It 
was  odIj  well  eeen  in  the  rotj  patches  of  the  anrora,  bnt  could  be 
fainllj  traced  wherever  the  roes-tint  at  all  extended,' 
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or  lines  could  not  be  increued  in  tliia  -way,  though 
their  breadth,  and  so  the  total  amount  of  light  from  tb^, 
would  be  mcreased  in  precisely  the  same  proportioD  as 
the  opening  of  the  slit.  But  die  hrightnett  of  lie  con- 
,  tinuous  background  would  be  increased  in  this  same 
proportion.  Hence  the  bright  lines  which  Tennant 
could  not  see,  on  account  of  their  fineness,  were  changed 
by  opening  the  slit  into  broad  bands  of  no  greater 
brightness,  and  rendered  invisible  by  reason  of  the 
increased  brightness  of  the  background.  An  interme- 
diate amount  of  opening  would  in  all  probability  have 
shown  the  lines.  Now  we  see  that  Professor  HarknesB 
failed  even  to  see  a  continuous  spectrum  when  he 
used  a  narrow  slit ;  and  the  fineness  of  the  lines  (not 
nearly  so  brilliant  aa  the  prominence-lines)  caused 
tlicm  to  escape  his  notice  precisely  as  had  happened 
with  Tennant.  But  when  he  opened  the  slit '  a  littie,' 
he  saw  the  continuous  spectrum  and  one  bright  line. 
Had  he  opened  it  somewhat  more,  he  would  not  have 
seen  that  bright  line,  but  would  havefuled  as  Tennant 
had,  and  for  the  same  reason.  Had  he  opened  it  a 
little  less,  he  would  probably  have  seen  the  continuous 
spectrum  and  the  three  bright  lines,  as  Professor 
Pickering  did.  With  a  somewhat  smaller  opening 
tlie  continuouB  spectrum  would  disappear  through  ex- 
cessive faintness  ;  but  the  three  bright  lines  seen  by 
Professor  Young  would  be  even  more  distinctly  viable. 
We  see  in  fact  that  Professor  Young,  who  succeeded 
readily  in  seeing  three  bright  lines,  failed  to  recogniBe 
the  continuous  spectrum. 
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.  It  may  be  eaid  that  thia  is  hypothetical ;  and  so  in 
a  sense  it  is.  What  an  obeerver  would  have  seen 
under  certain  circumBtances  different  from  those  which 
actually  occurred  must  necessarily  he  hypothetical. 
But  as  to  the  matter  of  fact  on  which  this  hypothetical 
interpretation  of  the  different  resultfl  is  founded,  there 
can  he  very  httle  question.  Professor  Young  and 
Pickering  taw  three  bright  lines,  Professor  Harkness 
»av}  one  such  line,  and  Tennaat,  Pickering,  and  Hark- 
ness »aiD  a  continuoQS  spectrum ;  while  the  conditions 
under  which  these  different  results  were  obtained  are 
known.  My  interpretation  accounts  simply  and  natu- 
rally for  all  the  obserred  spectra.  I  make  the  whole 
question  one  of  slitnopening. 

With  sufficient  dispersive  power*  we  get,  as  might 
be  expected : — With  a  very  narrow  slit,  three  bright 
lines  (so  fine  as  to  be  only  recc^imsable  on  a  close 
scrutiny,  such  as  that  given  by  Professor  Young),  and 
the  continuous  background  too  faint  for  recognition. 
With  a  slit  not  quite  so  narrow,  we  get  a  faint  con- 
tinuons  spectrum  and  three  lines,  still  so  fine  as  to 
require  very  careful  scrutiny  for  recognition.  With  a 
somewhat  wider  slit,  we  get  a  brighter  continuous 
background  on  which  the  brightest  of  the  three  lines 
alone  is  visible.  And  lastiy,  with  the  jaws  of  the  slit 
wide  apart,  we  have  a  yet  brighter  continuous  spec- 
trum, and  no  visible  bright  bands.  All  this  is  precisely 
in  accordance  with  what  the  theory  of  the  spectroscope 


*  With  isnfilcient  diapaniTe  power  tb  h&Te  a  coDtinaona  flpsetram 
without  bright  lisM,  whetber  tli«  alit  ba  widelj  opened  or  not. 
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requires,  and  it  accords  perfectly  weU  with  all  the 
observed  facte,  save  one, — the  failure,  on  the  parts  of 
Harkness  and  Tennant,  to  detect  the  funt  bright 
lines  of  the  corona,  when  these  mast  have  been  reiy 
fine,  owing  to  the  narrowness  of  the  slit.  But  this  will 
surprise  no  one  familiar  with  tlie  rery  varying  ]X)werB 
of  observers,  as  respects  the  recognition  of  faint  objects, 
or  small  objects,  or  objects  which  are  both  faint  and 
small. 

It  is,  however,  always  possible,  or  rather  it  is  highly 
probable,  that  different  parte  of  the  corona  may  ^ve 
different  spectra."  The  ascertained  facts  are  these — 
that  some  parts  of  the  corona  do  undoubtedly  give  a 
spectrum  consisting  in  part  of  three  bright  lines ;  that 
these  lines  agree  in  position  with  bright  lines  belonging 
to  the  spectrum  of  the  terrestrial  aurora;  and  that,  so 
far  as  observation  has  yet  gone,  the  spectrum  of  the 
corona  contains  no  dark  tines. 

The  direct  observations  of  the  corona  as  seen 
during  the  American  eclipse  were  numerous  and 
important  Mr.  W.  S.  Gilman,  jun.,  frwn  whose 
coloured  drawing  of  the  eclipsed  Sun  Plate  VII.  is 
taken,  writes  thus  respecting  the  appearance  of  the 
corona: — '  The  general  outline  of  the  corona  was  a  tra- 

■  This  voold  accord  well  with  wbat  isobaerredof  [beepectnmoflhB 
Aurora  bco'salu.  It>  the  commnntcstion  alr«ad7rafeFTedla(DDtF,  p.S3S), 
Id  which  Mr.  Birmingbim  describes  his  olwsrraUoa  of  thiee  bright  linn 
in  the  spectrum  of  the  aurora,  he  aayt  uf  the  '  inMnae  red  of  broad 
arraB  of  light,'  that '  there  was  here  no  liaewhatiTer  to  b«det«cled.'  And 
again  he  adds, '  the  wlute  light  seen  in  some  ports  of  the  sk?  gave  ool; 
thfi  one  priocipal  line  in  the  gMen.'  We  hare  seen  aim  that  the  red  lies 
of  the  auroml  Bpectnun  is  not  commool)-  TiaiUe. 
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pezium,  with  the  widest  aide  to  the  south-east.  There 
were  also  lesser  projections  on  the  four  sides,  as  welt  as 
several  small  indentations.  The  longest  masses  of  light 
coincided  very  nearly  with  the  north  and  east  points, 
at  the  middle  of  totality.  Mr,  Farrell  also  noticed  the 
same  peculiarity.  The  corona  was  composed  of  an 
infinitude  of  fine  violet,  mauve-coloured,  white,  and 
yellowish  white  rays,  issuing  from  behind  the  Moon. 
I  detected  no  clouds  in  it.  The  exterior  edge  was  very 
jagged  in  appearance,  but  did  not  possess  a  harsh  out- 
line, having,  on  the  contrary,  a  soft  blurred  look.  This 
was  quite  contrary  to  my  expectations,  as,  from  all  the 
drawings  of  eclipses  I  had  ever  seen,  I  was  led  to  expect 
a  well  defined  and  truly  circular  halo  of  light,  extend- 
ing to  an  equal  distance  on  all  sides.  Mr.  Farrell  de- 
scribed the  appearance  of  the  corona  verbally  as  follows : 
"  It  was  a  silvery-grey  crown  of  light,  and  looked  as 
if  it  was  the  product  of  countless  fine  jets  of  steam 
issuing  from  behind  a  dark  globe.  Near  the  Moon's 
disc,  the  light  seemed  almost  phosphorescent." 

'  The  smalt  amount  of  light  given  by  the  corona,'  he 
adds,  '  is  indicated  by  the  remark  that, "  during  totality, 
the  seconds  on  our  watch-faces  could  not  be  read  with- 
out the  assistance  of  the  lamps  placed  in  the  windows 
of  the  house  to  aid  us  at  this  juncture. '  The  time  could 
with  difficulty  be  told  by  the  larger  hands." ' 

Professor  Simon  Newcombe  makes  the  following 
remarks:  'Looking  directly  at  the  corona,  there  was  no 
actual  appearance  of  striation,  but  it  seemed  to  be  of 
a  jagged  outline  extending  out  into  four  sharp  points. 
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nearly  in  the  horizontat  and  vertical  direction ;  while 
midway  between  these  points  the  serrated  edge  hardly 
eeemed  io  extend  beyond  the  body  of  the  Moon.  The 
greatest  distance  to  which  the  extreme  points  seemed 
to  extend  did  not  exceed  a  semidiameter  of  the  Moon, 
and  there  was  nothing  like  long  rays  of  light  extending 
out  in  any  direction  whatever.  When  I  turned  my 
head  the  points  did  not  seem  to  torn  with  it.  Still  I 
experienced  a  singular  difficulty  in  judging  accnrately 
either  of  the  number  or  direction  of  the  ja^ed  points, 
or  of  the  extent  to  which  they  might  be  optical  illu- 
sions, produced  by  the  differences  in  the  height  and 
brilliancy  of  different  parts  of  the  corona.' 

'  Seen  through  green  glass,  the  corona  consiBted 
simply  of  four  or  five  prominences,  extending  around 
the  Moon,  smooth  in  their  oatline,  shading  off  by  im- 
perceptible gradations,  and  rising  to  different  heights, 
the  greatest  height  not  exceeding  four  or  five  minutes.' 

Let  us  next  consider  Professor  Eastman's  account 
of  the  corona.  '  I  was  considerably  disappointed,'  he 
says,  'with  the  appearance  of  the  colour  and  brilliancy, 
as  well  as  with  the  extreme  contourof  the  corona.  Most 
observers  have  described  the  colour  as  'pure'  or  clear 
white,  and  the  light  as  very  briliiant,  while  nearly  all 
the  published  sketches  represent  the  contour  as  nearly 
circular  and  regular,  and  the  coronal  rays  as  radial, 
and  equally  distributed  about  the  body  of  the  Sun. 
The  colour  of  the  corona,  as  I  observed  it,  both  with  the 
telescope  and  without,  was  a  silvery  white,  slightly 
modified  in  the  outer  portdons  by  an  extremely  faint 
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tinge  of  greenish  violet ;  and  I  could  not  detect  the 
leoBt  change  in  the  colour,  or  in  the  position  of  the  raye 
during  totality.  The  light  of  the  corona  was  not 
brilliant — perhaps  from  the  effect  of  haze — but  ap- 
peared more  like  the  pale  light  from  the  train  of  a 
meteor  than  anything  else  that  I  could  recall  at  the 
time.  The  corona  seemed  to  be  composed  of  two 
portions,  both  risible  to  the  naked  eye  ;  in  which,  with 
the  small  instrument  which  I  used,  I  was  unable  to 
trace  any  eimilarity  of  structure.  The  portion  nearest 
the  sun  was  about  one  minute  high,  forming  nearly  a 
continuous  band  about  the  Sun,  and  appeared  to  be  a 
mass  of  nebulous  light,  resembling  in  structure  the 
most  brilliant  irresolvable  portions  of  the  Milky  Way. 
Its  colour  was  silvery  white,  and,  like  its  density,  ap- 
peared the  same  throughout  its  whole  extent.  The 
outer  portion  consisted  of  raya  of  light  arranged  in 
two  different  ways.  In  five  places  they  were  arranged 
into  groups  resembling  star-points,  composed  of  slightly 
convergent  and  radial  raya,  but  elsewhere  were  dis- 
posed on  radial  lines.  The  colour  of  the  bases  of  the 
star-points  and  -of  the  radial  lines  was  the  same  as 
that  of  the  inner  portion,  while  the  outer  portion  of  the 
points  had  a  very  faint  greenish  violet  tint.  The 
radial  tines  were  die  most  prominent'  He  adds 
that '  four  of  the  star-points  projected  farther  from  the 
Sun  than  the  ordinary  radial  lines,  and  gave  the 
contour  of  the  corona  the  form  of  a  trapezoid.'  Between 
two  of  the  largest  protuberances  scarcely  any  c 
was  observed.' 


D,Q,t,7=^-i>,  Google 


346  THE  &UX. 

The  obswvaUons  of  Mr.  J.  Homer  Lane  are  in- 
teresting, because  he  had  more  particularly  chai^^ 
himself,  he  says, '  with  the  duty  of  -watching  for  any 
possible  low  atmospheric  limit,  marked  by  anything 
like  a  regular  boundary  and  superior  intensity  of 
light  very  near  the  Sun's  limb.'  He  does  not  appear 
to  have  eucceeded  in  detecting  any  such  signs  of  a 
boundary  line  limiting  an  atmosphere  lying  lower  than 
the  limits  of  the  corona.  *I  next  turned  my  attention,' 
he  proceeds, '  to  the  agglomerations  of  white  light  in 
the  corona,  and  fixed  upon  two  of  those  which  were 
remarkable  for  their  small  Eiize  and  the  comparatively 
dense  accumulation  of  light  in  them.  These  were 
situated  about  80°  from  the  vertex  towards  the  right, 
as  seen  inverted  in  the  telescope.  In  appearance  they 
might  well  be  compared  to  small  telescopic  comets, 
M'ith  tails  of  some  length,  but  without  a  head,  and 
with  no  distinct  indication  of  a  head  at  one  end  rather 
than  the  other.  They  were  not  far-  from  radial  in 
direction  relatively  to  the  Sun's  centre — whether  ex- 
actly so  I  did  not  remark  at  the  time — but  appeared 
completely  isolated,  and  had  their  origin  far  above  the 
limb  of  the  Moon ;  so  far  at  least  that,  though  that 
part  of  the  limb  must  have  been  approaching  them,  if 
their  height  above  the  Sun's  limb  remained  constant, 
the  approach  did  not  attract  my  attention.  I  referred 
them  two  or  three  times  to  the  profile  of  neighbouring 
lunar  mountains,  so  far  as  to  make  it  evident  there  was 
no  such  relative  motion  as  must  have  been  expected, 
had  there  been  anything  floating  in  our  atmosphere. 
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They  maiiifestly  belonged  to  the  heaveiiB,  and  I  made 
no  doubt  were  to  be  classed  Tritli  the  other  parts  or 
aggregations  of  white  light  in  the  corona.  These  two 
bodies  I  Bcrutiuised  closely  for  some  time,  and,  as 
I  suppose,  to  the  end  of  totality.  The  form,  dimensions, 
and  appearance  of  each,  and  their  distance  apart,  were 
in  constant  review ;  but  not  the  least  change  in  either 
respect  was  seen.  It  would  be  in  vain  for  me  to  try 
to  estimate  the  length  of  time  occupied  with  these 
objects.  Ab  to  the  distance  between  these  two  white 
comet-like  objects,  I  judged,  after  the  largest  solar 
spot  had  been  uncovered,  that  they  would  have  in- 
cluded between  their  centres  the  nucleus  of  that  spot, 
but  not  the  penumbra.  I  had  no  means  of  taking 
any  measures,  nor  would  it  have  been  easy  to  do  so 
without  sacrificing  tlie  scrutiny  for  the  presence  or 
absence  of  changes.  In  order,  however,  to  reproduce 
as  nearly  as  possible  what  I  saw,  I  have  laid  down 
upon  paper  a  circle  of  the  same  size  as  the  Moon's 
outline  in  the  focus  of  the  object-glass — almost  an 
inch — and  holding  this  up  to  the  light  in  the  field  of 
view  of  the  same  eye-piece  used  in  tlie  telescope,  have 
tried  to  lay  down  with  a  pencil  the  dimensions  and 
situation  of  the  two  objects.  The  following  is  the 
result  I  got  in  this  way : 

Length  of  each  wmetojd  light    ....     130" 
Height  of  its  origin  aboTe  the  Moon's  limb         .     100"  to  SO" 
Distance  fiom  centre  to  centre  of  the  two  .  50"  to  40" 

*  Perhaps  the  height  above  the  Moon's  limb  should 
be  taken  at  about  half  a  minute,  shortly  before  the 
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end  of  totality.  The  estimate  of  50"  to  40"  here 
made  for  the  distance  apart  of  the  two  objects,  may  be 
considered  entirely  independent  of  the  one  firet  given 
referring  to  the  sohir  spot.  In  that  case  the  jadgment 
comparing  with  the  epot  was  checked  by  selecting  a  pur 
of  scratches  on  the  blue  screen  glass  in  the  field  of  view 
before  the  eclipse  was  over,  whose  interval  was  judged 
not  far  &om  equal  to  that  of  the  two  objects,  and  then 
bringing  the  solar  spot  between  them.' 

But  perhaps  the  most  important  of  all  the  observa- 
tions made  on  the  general  aspect  of  the  corona,  during 
the  eclipse  of  August  1869,  were  those  made  by 
General  Myer,  who  watched  the  progress  of  the 
eclipse  from  the  summit  of  White  Top  Mountain,  near 
Abingdon,  Virginia,  5,530  feet  above  the  sea  level. 
'  The  point  of  observation,'  he  remarks, '  was  sought 
with  the  view  of  placing  ourselves  as  far  as  possible 
above  the  lower  and  denser  strata  of  the  atmosphere, 
and  the  smoke,  haze,  and  obstacles  to  vi»on  with 
which  they  are  charged.'  It  is  on  this  account,  and 
because  of  the  bearing  of  the  evidence  on  the  question 
of  the  effect  which  our  own  atmosphere  produces  on 
the  appearance  of  the  corona,  that  G-eneial  Myer's 
observations  are  chiefly  important.  The  telescopic 
observations  are  less  interesting  than  they  would 
otherwise  have  been,  bo  far  at  least  as  the  con- 
siderations we  are  now  dealing  with  are  in  qaestion, 
on  account  of  the  smallness  of  the  field  of  view,  which 
did  not  extend  fat  beyond  the  prominences.  General 
Myer  remarks  that^   in  the  telescope,  the  corona  or 
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aureola  exhibited  a  clear  yellowisti  bright  light  closely 
Burrounding  the  lunar  disc,  and  fading  gradually,  with 
perhaps  some  tinge  of  pinkish  green,  into  the  tine  of  the 
darkened  sky.  '  Upon  this  corona,  extending  beyond 
its  brightest  portion,  the  well  defined  rose-coloured 
prominences  were  projected  at  various  points  of  the 
circumference."  But  it  is  when  we  turn  to  the 
description  of  the  corona,  as  seen  by  the  naked  eye, 
that  the  characteristic  peculiarities  resulting  from  the 
position  of  the  observer  are  rect^ised,  '  To  the 
unaided  eye'  says  Myer,  *  the  eclipse  presented,  during 
the  total  obscuration,  a  vision  magnificent  beyond 
description.  As  a  centre  stood  the  full  and  intensely 
black  disc  of  the  Moon,  surrounded  by  the  aureola  of 
a  soft  bright  light,  through  which  shot  out,  as  if  from 
the  circumference  of  the  Moon,  straight,  massive,  silvery 
rays,  seeming  distinct  and  separate  from  each  other  to 
a  distance  of  two  or  three  diameters  of  the  lunar  disc, 
the  whole  spectacle  showing  as  upon  a  background  of 
diflfiised  rose-coloured  light.  This  light  was  most  intense, 
and  extended  furthest  at  about  the  centre  of  the  lower 
limb,  the  position  of  the  southern  prominence.  The 
silvery  rays  were  longest  and  most  prominent  at  four 
points  of  the  circumference,  two  upon  the  upper  and 
two  upon  the  lower  portion,  apparently  equidistant 
from  each  other  (and  at  about  the  junctions  of  the 

■  Siaca  both  the  pTominsnces  ftnd  tho  comut  Me  Inminaui,  va 
cannot  positively  conclude,  tVom  this  di>seriptian,  that  a  pait  of  the 
corona  n&Uy  lay  behind  tho  pmninenow ;  yM  it  is  well  to  obmrre  how 
clo«el7  the  description  aecorda  with  this  tibw,  or,  in  other  vonla,  with 
the  view  that  the  corona  is  &  k' 
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quadrants  deeignated  as  limbe)  ^ving  the  spectacle  a 
quadrilateral  shape.  The  angles  of  the  quadrangle 
were  about  opposite  the  north-eastern,  Dorth-westem, 
south-eastern,  and  south-western  points  of  the  disc.  A 
banding  of  the  rays,  in  some  respects  similar,  has  been 
noted  as  seen  at  the  total  eclipse  of  July  18,  1860. 
There  was  no  motion  of  the  rays;  they  seemed  con- 
centric.' * 

*  Oflncml  !Uf  er'a  dsacription  of  ths  geDsral  aspect  of  the  ak;  and 
air  whsD  the  total  eclipse  waa  In  progreeB  deserrM  to  b«  added  : — '  Th« 
approach  of  t^e  Moon's  shadoir,'  he  says,  '  did  not  appear  to  be  marked 
b;  any  defined  line,  or  ths  moTement  of  anj  dark  column  of  shade 
tiuongh  the  air.  The  darkness  fell  gradaallj,  shroiiduig  [be  monn- 
t*in  ranges  and  the  dim  irorld  below  in  most  impressive  gloom.  Our 
goidea  had  been  instructed  to  valch  for  the  shadow,  and  to  call  to  us 
at  the  glasBes.  They  saw  nothing  of  whieb  to  give  notice.  At  the 
same  lime,  and  in  TiTid  contrast,  the  clouds  above  the  homon  weic 
illnminated  with  a  soft  ladiaoce ;  tlioae  towards  the  cast  with  li^la 
like  those  of  a  coming  dawn,  orange  and  ro««  prerailiug;  thoae  north- 
vaid  and  weatwaid,  as  described  to  ns  by  Mr.  Charles  Coals  of 
Abingdon,  Tirginia,  who  was  present,  with  isinbow  bands  of  light  of 
varied  hues.  I  quote,  in  his  words,  a  description  written  by  him,  is 
of  interest  in  reference  to  the  dispersion  of  light: — "Ths  gnmdnt 
of  all  to  us,  who  bad  no  astronomical  ambition,  or  astronomical  know- 
ledge, to  grati^,  waa  ths  effect  upon  the  clouds  during  the  total  ob- 
scuration. Those  who  have  had  the  privilege  of  being  upon  White 
Tc^  and  eigojing  the  westward  scene,  will  leinembec  the  gnnd 
panoramic  view  of  mountains  beginning  on  the  northern  and  southern 
horiion,  and  stretching  away  to  (hs  «e«t  till  they  seem  to  meet,  and  will 
appreciate  the  acene  that  we  now  attempt  to  deeeribs.  Stretching 
along  this  temicirele  of  mountains  in  long  horizontal  lines,  far  below 
the  Son,  lay  light  and  fleecy  clouds,  as  if  resting  upon  their  wings 
during  the  eeeming  struggle  between  the  orbs  above  them.  At  the 
moment  of  the  fUling  of  ths  dark  shadow,  when  oanght  was  to  be  seen 
ahove  bnt  the  stars  and  the  circle  of  light  around  the  Moon,  these 
donda  became  anayed  in  all  the  colours  of  the  rainbow,  presenting  an 
indaacribable  richness  with  their  background  of  sombre  mountain.  To 
our  vision,  it  was  hs  if  bands  of  brood  ribbon,  of  evsiy  conceivable  hue, 
had  been  stretched  in  parallel  liaea  half  loand  the  universe.' ' 
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■  During  this  eclipse  a  more  Buccesafiil  attempt  was 
made  to  photograph  the  corona  than  on  any  former 
occasion.  Fig.  85  represeata  the  corona  as  photographed 


FVom  a  Fbotograph  of  the  SoUr  Corooa  dnring  the  Eclipse  of 
Aagnat,  1S6S. 

by  Mr.  Whipple,  at  Shelbyville,  Kentucky.  The  foui> 
cornered  aspect  is  here  distinctly  recognised,  and  the 

In  a  ktter  snbaeqoMitlj  written  to  GFeoenl  Hyer,  on  the  enbjeet  of 
Uie  Tenurkable  colonr-icene  described  abOTe,  Hr.  Co&le  renurka,  '  I  was 
pTobablj  bordering  od  ths  extnvagtut  (though  not  more  lo  than  is 
allowable  ineoDntry  jotu-naliiin)  ingiTing  to  the  clouds  "sUthecolonia 
of  the  raiabow."  1  clearly  lemember,  however,  that  there  were  diatiaet 
bands  of  pink,  purple,  yellow,  orange,  and  flsry  red,  and  each  alighUy 
tinged  with  different  Bhadei  of  its  own  colonr.  One  of  the  bands  had,  I 
retDsmber,  to  my  Tiiion,  a  slight  lilac  tinge.  I  do  not  remember  to  have 
observed  any  green  or  bine,  bnt  I  do  remember  that  the  lower  edge  of 
the  pnrple  bad  a  recjr  faint  blue  tinge.  All  these  resting  agunst  a 
AtiA.  baclcgKinnd  gave  them  an  indescribably  gorgeona  t^ipeannee,  the 
lines  of  colonr  seeming  to  be  divided  bj  stripes  of  black.  They  all  lay 
in  horiiontBl  lines  one  above  the  other.  Uy  impressioD  is,  that  those 
eolomn  appeared  at  the  moment  the  shadow  passed  l^m  the  lower  edge 
of  the  Sun,  though  I  am  not  positive.' 
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probability  may  be  inferred  that,  with  a  longer  es-' 
posure,  the  rays  would  have  been  presented  s^  seen 
by  Gilman,  Eastman,  and  others,  if  not  aa  seen  by 
General  Myer.  In  the  photograph  there  is,  indeed,  a 
sharpness  of  outline  which  might  readily  be  interpreted 
by  those  unacquainted  with  the  nature  of  photographic 
processes  to  imply  the  existence  of  a  real  boundary 
line  separating  this  part  of  the  corona  from  the  part 
without.  But,  as  a  matter  of  fact,  the  sharpness  of 
outline  is  due  to  peculiarities  in  the  process  of  develop- 
ment. It  may  be  recognised  in  the  photographs  taken 
at  Ottumwa,  altbongh  in  them  the  corona  has  a  much 
smaller  extent.  It  is  not  noticed,  however,  in  the 
photographs  by  Dr.  Curtis,  where  the  corona  has  about 
the  same  degree  of  extension ;  the  reason  being,  that 
he  employed  special  care  in  avoiding  over-development 
of  the  n^;ative.  Hence  no  doubt  whatever  can  remain 
that  the  sharpness  of  outline  in  the  Ottumwa  photo- 
graphs, as  also  in  Mr.  Whipple's,  implies  no  real  limita- 
tion of  the  object  photographed.* 


'  A*  some  stren  has  baeo  laid  on  thu  matter  b;  thosa  who  adrocate 
theorieBiwepectiDg  theterrestTJal  natare  of  the  oonms,  it  maybe  veil  to 
prasent  at  lengtb  Dr.  Cnnie't  statement  reapecting  the  enoneiniB  inten>re- 
tatjon  oE  theae  photogi^hic  recoida.  He  ia;t  that  he  haa  re«d  with 
sorpriM  an  extract  from  a  letter,  written  bj  Dr.  Oonld  to  ProfBasor 
Henr;  Morton, id  which  the  formec  «*y«,  'An  axamination  of  tbe 
beantiftil  photognpba  made  at  BnriingtOD  and  Ottumwa,  by  tJie  sectiom 
of  yooT  patty  in  charge  of  Prafeaaora  Uayer  andBimee,  ftnd  a  cempanaon 
of  them  with  my  aketchee  of  the  corona,  hare  led  me  to  the  canTietion 
that  the  radiance  aroand  the  Uooo,  in  the  piotoiee  made  doHng  the 
tot&lity,  is  not  the  corona  at  all,  bat  ia  actually  tjie  image  of  what  Ur. 
Lockyer  haa  caUed  the  chromoaphere.'  'St.  Oonld  proceeds,'  eaye  Dr. 
Curtis, '  t«  specif  the  points  at  Tariance  between  the  corona  as  ^loto- 
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Such  is  a  sketch  of  the  evidence  adduced  up  to  the 
present  time  respecting  the  solar  corona.     It  appears 

graphed  and  the  tame  ohject  sa  iMn  and  HkeUhed  b;  him ;  and  becnuas 
the  two  repnsentationa  do  not  corcespond  in  feature,  he  infers  that  the 
otgecta  depicted  annot  he  identical.  This  same  aitpuaent  would  appl^ 
eqaall;  well  to  the  "  rHdiance"  ahown  in  mj  own  photographs,  since  in 
them  the  phenomenon,  though  faint,  OgresB  in  ^outline  with  tbeEBimilar 
object  oa  the  BnrlingCon  and  Ottumwa  pictnma.  Now,  T  caonot  bat 
believe  that  Dr.  Gould  ia  in  error  in  imagining  this  aureola  not  to  be 
nmpl;  the  image  of  the  more  intense  portion  of  the  corona  near  the 
■urfiice  of  the  Sun.  In  the  fint  place,  the  experience  of  this  Ter; 
eclipae  ha*  shown  how  gnardedlj  all  akeUhea  and  drawiogs  of  tb>' 
kppeaiBnces  of  totalitj  should  he  raceived,  as  affbrding  an  accurate 
recotd  of  either  the  shape,  size,  or  position  of  Ihe  Torioue  objects. 
This  is  erident  upon  comparing  the  vanona  aketchee  made  by  eje- 
obaerreis  of  the  protuberances  acd  corona,  both  wilh  each  other  and 
with  the  photographs,  and  obseiring  the  Terj  great  discrepancies 
manifest.  Of  course,  it  is  not  meant  that  acmrata  measurements  made 
bj  a  micromoler  eje-piece  in  the  telescope,  or  aimikt  detenninatlons 
of  pooitioD-angle,  cannot  be  relied  apon,  but,  on  the  contisiy,  the 
ailment  is  that  oidy  snch  are  to  be  received  as  trustworthj,  and  that 
all  gmeral  sketches  and  diawings  made  hostilj  daring  the  few  exciting 
minntes  of  totali^,  or  from  memory  afterwards,  form  bnt  a  weak  ground 
Dpon  which  to  base  an  important  scientific  hypothesis.  Bat  poaidTe 
proof  in  the  qoeeCion  St  issue  is  afforded  by  the  reiy  perfect  photographa 
of  the  corona  taken  at  Shelbyville,  Kentucky,  by  Mr.  Whipple,  of  the 
Cambridge  expedition.  Here  we  have  a  series  of  several  n^ative* 
obtained  by  receiving  the  focal  image  of  a  six-inch  object  glass  dinctfy 
upon  the  sensitivB  pUte,  and  takeo,  with  a  wide  range  of  exposure,  ftom 
flve  to  forty  seconds.  Of  these  the  one  exposed  the  longest  (flg.  SS) 
]rieldsa  splendid  and  unmisiakable  picture  of  the  corona,  representing  it, 
where  the  cooteiging  n.j6  occurred,  of  a  depth  equal  to  a  qoaiter  of  the 
Uoon's  diameter.  Surely  Dr.  Qould  cannot  imagine  the  aun'ole  of  (Jtf* 
photograph  to  be  the  chromosphere  and  not  the  corona ;  and  yet  ail  these 
pietnrea  of  Mr.  Whipple's,  and  all  of  the  Philadelphia  expedition,  and 
lay  own,  agree  perfectly  in  the  featorea  and  position  of  the  various 
inegnlarities  in  the  oatline  of  the  corona,  the  diSerence  in  the  repre- 
•entatioD  of  that  object  in  the  several  photographs  being  solely  one  of 
extent  and  brilliancy.  Dr.  Qould  adduces  as  an  additional  argument 
in  favonr  of  his  assumption,  the  observation  that  the  long  coronal  beams 
appeared  to  him  to  be  "variable,"  while  the  "  aureole  "  photographad 
was  arideDtly  "  constant "  during  thn  time  of  totality.     This  a: 


to  me  that  although  it  does  not  suffice  to  answer  all 
the  questions  of  interest  Buggested  bj  this  imposing 

however,  loap»  some  of  iti  force  when  it  is  rempmbfrcd  thnt  to  other 
ohBprvpTs  the  roronn  Appeared  to  the  eye  absolntely  acchnngcaMs,  both 
in  farm  md  pnaition,  during  Che  whole  period  of  the  tutal  ubscuratioD.' 
Dr.  Curtis  iheu  piocfpdB  to  considiT  how  Tar  Dr.  Goiill  maj  hKrt 
befn  led  lo  fmind  his  opinion  npon  ihp  circumBtance  that  Ilie  '  nuroolo  ' 
ID  the  Philadelphia  phutogrHpha,  'while  fHlJing  far  ehnrt  of  the  hei^t 
above  Ihe  Moon's  limb  atlnined  by  the  corona  ub  seen  hr  the  fje.  Tit 
appears  of  very  great  hrilliBncv,  rivalling  thp  protiiberHncea  in  that 
reepect.  and  cornea  10  an  almost  abni,it  terrninatiuD  a  i-huit  distance 
above  tiip  Bular  eurfiice,'  Ue  ahowa  that  these  per^uliaritifs  must  be 
rrgnrd^  as  in  nil  prohnbilitj  siniplj  'photographic  eCTpoIa.'  the  prints 
of  the  photographs  'giving  ever;  indication  tliat  the  negatives  from 
which  they  were  taken  were  stronglj  intenBified  afier  li:(ing.'  'This 
operation,'  hp  udds,  'priLctised  to  give  additional  density  to  weak 
negatives,  would  have,  in  ihJa  ease,  preciselj  the  pSect  of  incrensing  lai 
the  pliotogiaph  (hp  apparent  brilliancy  of  Ihe  coroca  without  adding  to 
its  extent.  Horeover,  that  this  eicesaive  photngraphic  brill iancj  of  the 
under  portion  of  the  mirona  Bhonld  not  be  taken  as  a  proof  of  any 
physical  or  chemical  pi'culiarilj  in  the  adoal  Object  i-  quite  conclnMvely 
proved  by  my  own  photographs,  which,  while  shonitig  about  Ihe  sane 
eitent  of  corona  a«  those  pictures  of  the  Pbilade:phia  party  that  p»- 
eeived  Che  least  exposure,  yet  represent  it  as  a  very  fpeble  luminosity, 
fading  gnidnully  aud  imperceptibly  into  complete  dnrknesB,  and  this 
while  the  aamo  photographs  show  the  proluberane't  of  grvat  hrilliancy. 
If  this  ppculiiLrily  of  the  Burlington  and  Ottumira  photngmphs  bod 
indeed  any  influrnee  In  leading  Dr.  Gould  into  tlie  miscnu caption 
into  which  X  cannot  but  believe  he  has  fallen,  the  circumstanc* 
aflbrda  but  another  Biampte  among  many  that  1  hnve  seen,  of  the 
necessity  that  a  critic,  before  attempting  to  draw  scieatlfic  inferences 
from  phologmpliic  representations,  ahonld  himself  bpootne  something  of 
a  photographer,  else  he  will  be  vety  apt  Co  fall  into  this  natunJ  error  of 
ascribiug  effw.te  wholly  produced  in  the  dark  mom  to  physical  chaiac- 
teristJCB  of  the  object  pourttayed.  And  by  a  singular  (viincideuco,  evi- 
dence that  Dr.  Gould  htts  not  a  practical  acquaintance  with  tlieartwonld 
seem  to  be  afibrded  in  this  same  published  letter,  by  his  total  misinter- 
pretation of  another  purely  photographic  effrct,  viz.,  the  apfwrent 
eneroacbment  of  the  prominences  upon  the  disc  of  the  Moon  as  seen  in 
the  pbotographa.  This  curious  appearance,  instead  of  being  dns  to 
"  spacnlar  reOection,"  is  wbolly  a  dsf  k-room  pheoomeDon,' 
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phenomenon,  it  yet  leaves  very  little  room  for  doubt 
as  to  the  general  characteristics  of  the  corona. 

We  are  fortunately  able  to  dispose  very  briefly  of 
some  of  the  theories  respecting  the  corona  which  were 
suggested  in  old  times.  We  need  no  longer  inquire 
with  close  scrutiny  into  the  theory  that  the  corona  is 
due  to  a  lunar  atmosphere,  because  we  now  have 
abundant  evidence  that  either  there  is  no  lunar  atmo- 
sphere, or  that  at  least  no  atmosphere  competent  to 
jnoduce  such  a  remarkable  appearance  surrounds  our 
satellite.  We  know  that  two  very  definite  results  (to 
consider  no  others)  must  inevitably  follow  if  the  Moon 
had  an  atmosphere  of  even  moderate  extent.  In  the 
first  place,  the  refractive  power  of  such  on  atmosphere 
would  cause  somewhat  more  than  one-half  of  the 
Moon's  surface  to  be  illuminated — precisely  as,  in  the 
case  of  our  own  Earth,  the  Sun  is  apparently  raised  by 
atmospheric  refraction  above  the  horizon  of  places 
lying  beyond  the  hemisphere  turned  directly  towards 
him.  It  is  easy  to  show  that  under  these  circumstances, 
when  the  Moon  is  nearly  new,  her  horns  should  extend 
somewhat  beyond  a  semicircle.  The  fact  that  no  such 
extension  has  been  noticed  suffices  to  prove  that  she 
has  either  no  atmosphere  or  one  of  very  limited  extent. 
Again,  the  occultation  of  a  fixed  star  by  the  Moon 
could  not  fail  to  be  accompanied  by  evidence  of  the 
existence  of  any  lunar  atmosphere.  Instead  of  disap< 
pearing  suddenly,  the  star  would  be  slowly  reduced  in 
brilliancy,  and  would  appear  to  cling  fco*  a  few  moments 
to  the  outline  of  the  Moon's  disc     Since  no  such 
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appearances  are  noted,  we  must  reject  the  conception 
that  the  Moon  has  an  atmosphere  of  appreciable  extent, 
and  with  it  the  theory,  which  to  Kepler  and  Halley 
had  seemed  attractive,'  that  the  corona  is  a  phe- 
nomenon due  to  the  action  of  a  lunar  atmosphere  on 
the  solar  rays. 

Nor  need  we  dwell  on  the  theory  propounded  by 
Delisle,  that  the  corona  may  be  an  optical  effect  due 
to  the  diffraction  of  the  solar  rays  as  they  pass  by  tbe 
Moon,  because  Professor  Baden  Powell  and  Sir  David 
Brewster  have  abundantly  demonstrated  that  the  effects 
due  to  such  di£&aclion  could  not  be  diacemible  from 
the  Earth. 

We  may  thus  limit  our  attention  to  two  general 
theories  (each  admitting  of  special  differences)  which 
at  present  divide  attention.  One  is  the  theory  that 
the  corona  Is  a  solar  appendage;  the  other  is  the  theory- 
that  it  is  a  phenomenon  due  to  the  passage  of  solar 
light  though  our  own  atmosphere. 

It  will  be  seen  that  somewhat  important  issues  de- 
pend on  tbe  selection  we  have  to  make  between  tiiese 
two  theories.  For,  if  the  corona  be  but  a  i^enomenon  of 
our  own  atmosphere,  it  is  not  worthy  of  more  attention 
than  we  might  ^ve  to  the  rays  which  stream  through 
openings  between  clouds  and  form  vast  beams  of  light 
across  the  heavens.  But  if  it  be  a  solar  appendage, 
then  it  is  one  of  the  most  imposing  phenomena  the 


■  HbU^  nentJonB  that  contrsiy  aentime&tB  vsre  cnlwtijiied  'by 
those -whose  jndgmsDta  he  should  always  rsveN.'  It  hu  been  Boppoaed 
that  Halley  here  cefsra  to  Newton. 
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mind  of  man  can  dwell  upon.  Those  long  beams  have 
^then)  a  real  extension  compared  with  which  the  Tolume 
of  our  Earth,  nay  even  the  volume  of  the  Sun  him- 
Belf,  sinks  into  utter  insignificance;  and  that  inner 
radiance  which  encloses  the  Sun  on  every  side  indi- 
cates a  luminous  region  of  inconceivably  vast  extent, 
while  the  problems  suggested  for  our  consideration  by 
the  aspect  of  this  region,  and  by  the  physical  state  of 
the  material  distributed  through  it,  are  of  the  most 
interesting  character. 

It  will  conduce  perhaps  to  clearness  of  conception  if 
we  consider  where  that  portion  of  our  atmosphere  ie 
situated  which,  according  to  what  may  be  called  the 
*  atmospheric  glare '  theory — advocated  by  M.  Faye,* 
Mr.  Lockyer,  imd  possibly  by  others — is  illuminated  by 
solar  light  during  total  eclipses.  We  can  then  inquire 
at  our  leisure  by  what  path  the  solar  light  reaches  this 
region  of  our  atmosphere. 

Let  the  observer  be  at  o  (fig.  86)  in  the  centre  of 
tbe  Moon's  shadow  b  b',  which  forms  an  elliptical 
dark  space  on  the  Earth's  surface.  We  need  not  con- 
cern ourselves  with  the  shape  of  this  ellipse,  which 
will  vary  in  diflferent  eclipses  and  at  different  stations. 
We  need  only  note  that  in  a  considerable  total  eclipse 
the  least  diameter  of  &  &' will  be  greater  than  100  miles. 
Now,  let  A  b'  represent  a  portion  of  the  Moon's  shadow- 
cone,  forming  within  our  atmosphere  a  figure  not  dif- 
fering greatly  from  an  oblique  cylinder.  Assigning  to 
the  atmosphere  a  height  of  about  200  miles  this  cylinder 
will  have  a  shape  such  as  A  b';  but  if  we  assign  to  tlie 
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atmosphere  an  elevation  of  500  miles,*  then  we  should 
have  to  assign  to  our  shadow  cylinder  the  figure  a  V . 
Now,  let  lines  drawn  from  the  observer's  eye  to  the 
boundary  of  the  Moon's  disc  enclose  the  black  cone 
shown  in  part  in  o  m,  while  lines  drawn  to  the  boundary 
of  a  circular  corona  extending  one  degree  on  every  side 
of  the  Moon's  dbc  during  totality  form  the  cone  shovrn 

Fio.  86. 


in  part  in  o  c  (<■  Both  cones  are  Bhojvn  well  within  the 
cylinder  a  b' ,  because  as  »  matter  of  fact  we  find  that 
the  lines  o  a,  o  a'  would  contain  an  angle  considerably 
greater  than  the  angle  c  o  c*. 

•  We  are  here  consitlerine.  be  it  rememVred,  the  stmoapbere  wEucIl 
U  effective  in  nflecting  aoliir  light  to  the  vjf, ;  itnd  it  will  ecoroelj  b* 
Hdmitled  bj  moBt  melaorologiBts  that  nn  ntmosphere  of  thittorteMgioAt 
even  to  BO  great  a  height  as  100  miles  from  the  Earth's  sorfiice.  Oor 
best  estimate  (eo  far  atitbiecharacleriatic  of  theHtmosphem  is  FoDccmfd) 
is  uadonbtedJj  Umt  founded  on  the  height  of  the  twilight  caire  whea 
observed  from  suitable  stations,  for  this  height  depends  on  the  veij 
qnslitj  we  are  ransidericg.  Now  Brarais,  from  a  diiKMinsion  of  Lambert'a 
obserTutionB  of  the  crepnacular  ciirre,  deduced  a  height  falling  ehnt  of 
100  miles,  while  his  own  obserTntioDs  made  from  the  summit  of  thv 
Fuulhorc  gave  a  height  of  aboat  S6  miles.    So  far  aa  the 
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Now,  if  the  atmospheric  glare  theory  is  true,  all  the 
cone  o  c  c'  m  our  atraoapbere  is  illumiDated  at  the  time 
of  central  eclipse  except  only  the  core  belonging  to 
the  cone  o  m.  This  ie  certain,  because  we  see  the 
Moon  dark  and  the  corona  bright ;  so  that  we  require 
o  m  to  be  dark  and  the  remainder  of  o  c  c'  to  be  bright. 
Now,  Bo  for  as  undeflected  solar  rays  are  concerned,  the 
whole  region  a  &'  is  in  shadow.  The  light  from  the 
prominences  can  get  into  this  region,  and  so  perhaps 
can  solar  light  deflected  by  aooie  i>osslble  action  at  the 
Moon's  surface.  But  the  problem  whi^h  the  sup- 
porters of  the  '  atmospheric  glare '  theory  have  to 
solve  is  to  get  the  light  into  the  cone  o  c  </,  growing 
brighter  and  brighter  up  to  the  very  boundary  of  the 
dark  cone  m  o  (to  correspond  with  the  increase  of  the 
corona's  light  up  to  the  Moon's  limb),  and  there 
suddenly  ceasing.  This  done,  they  must  show  further 
that  if  another  observer  is  stationed  somewhere  else 

of  tlie  atmosphere  is  coneemed,  we  may  acwpt  the  opinioa  of  Dr. 
Balfonr  Slpwarl  tbat  observatioas  nude  □□  Ihe  aurora  supply  the  best 
menoH  of  forming  an  opinion.  From  such  obaerrationB  made  in  1819. 
Dalton  ealimaUd  the  eitreme  height  of  the  &nronl  arrh  at  102  milea. 
Sir  John  Herschel  estimated  the  height  of  the  auroral  arch  seen  oq 
UoTcb  9,  1861,  at  33  miles.  ObwrTationa  of  mstsore  aBbrd  another 
mnuu  of  lolviiig  the  pioblem.  A  height  greater  tban  any  of  tboaa 
•boVH  mnttinned  has  beea  deduced  fram  oliaerTatJuna  of  thia  sort. 
liutly,  polariscupic  obaerTations  have  led  liaia  and  othera  lo  the  ooo- 
•luaioD  thitt  our  atuoaphers  extends  to  a  height  of  more  thun  200  mile* 
&OB  the  Earth.  The  nuity  of  the  atmosphere  at  such  an  elevation 
a«aming  the  iav  of  dimiuutioo  of  dpiult?  which  pierai la  tower  down  to 
Mntinua  nnehanged,  would  be  altogether  inconcei Table.  A  qnantity  ot 
•ir  wbich  a  healthy  peraoa  of  avengH  height  could  dnw  into  bis  lunga 
at  a  single  inspiration  would  suffice,  when  ao  reduced  in  density,  to  Sll 
k  sphcie  eiceediog  in  diameter  the  orbit  of  Ju^tw. 
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irithin  i  &'  as  at  o',  the '  cones  formed  by  linea  from  hU 
eye  to  the  Moon's  limb  and  the  corona's  boundary,  are 
respectively  dark  and  illuminated  in  exactly  the  same 
way — that  is,  they  must  show  that  the  same  regions 
of  the  fur  are  at  once  illuminated  and  in  darkness. 

This  may  fairly  be  regarded  as  impossible. 

Yet  even  if  this  could  be  demonstrated,  much  more 
would  still  remain  to  be  done  before  the  '  atmospheric 
glare '  theory  could  be  regarded — I  will  not  say  as 
established — but  as  worthy  of  consideration.  Until 
something  of  this  sort  has  been  done — and  nothing  of 
the  sort  has  yet  been  attempted — we  need  not  inquire 
how  far  those  spectroscopic  observationscanbe  explained 
away  which  Professors  Young  and  Harkness  justly 
regard  as  of  themselves  demonstrating  the  non-terres- 
trial character  of  the  coronal  lighC* 

It  appears,  then,  that  whatever  view  we  are  to  form 
of  the  actual  constitution  of  the  corona,  we  can  at  least 
have  no  doubt  that  it  is  a  true  solar  appendage.  There 
may  not  be  any  closer  bond  of  union  between  the 

*  It  will  be  observed  tbnt  the  above  coaaidsmtionB  dispose  of  that 
modified  form  ef  the  atmoB^eric  glare  tlieoiy  vhich  Mr.  T/xkjtsr  hu 
receatlj  put  fonrard.  Without  inquiring  here  whether  (as  he  ecaecti)  s 
possible  lna<ic  action  formed  a  part  of  the  theory  as  onginuUy  pro- 
pounded (see  preface  to  the  eefond  edition  of  my  Qthir  WbrltU),  I 
must  point  out  that  such  action  does  not  render  the  theory  at  all  mors 
sa^afactory.  We  hare,  if  the  theoiy  is  tme,  a  certain  region  of  oor 
atmosphere  illuminated  and  a  certain  olber  region  dark,  and  the  tbaoiy 
gives  no  explanation  whatever  of  how  this  comes  about.  Horeorer, 
snppoeing  it  did  explain  the  rostter  for  one  abserver  at  one  moment  the 
explanation  would  not  avail  to  show  how  in  the  ease  of  another  obserrer 
that  same  illuminated  repon  would  be  ditrk  and  that  udm  daA  r^m 
illuminated  at  the  vei;  lame  moment. 
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material  subataoce  (of  whiitever  sort)  which  emits  the 
light  forming  the  corona  than  exists  between  the 
nucleus  of  a  comet  and  the  comet's  taiL  But  certainly 
the  evidence  seems  to  force  on  us  the  conclusion  that  a 
relation  as  unquestionable  associates  the  corona  and 
the  Sue  as  that  which  compels  us  to  regard  the  tail 
and  coma  as  real  appendages  of  s  comet. 

The  corona  thus  viewed  becomes  one  of  the  most 
important  and  interesting  of  all  the  phenomena  of  the 
solar  system.  We  no  longer  have  to  deal  with  sun- 
beams shining  through  our  atmosphere,  or  with  mirages 
in  some  lunar  envelope,  but  with  luminous  spaces  of 
inconceivably  vast  extent.  Let  ua  consider  what 
evidence  we  already  have  bearing  on  the  nature  of  this 
wonderful  solar  appendi^e.  We  shall  then  more  justly 
appreciate  the  interest  attaching  to  those  efforts  which 
are  being  made  to  gain  fresh  information. 

The  general  aspect  of  the  corona,  as  described  in 
the  preceding  pages,  does  not  suggest  the  idea  that 
we  have  to  deal  with  a  solar  atmosphere.  Those 
radial  projections  are  not  the  appearances  we  should 
expect  to  find  in  an  atmospheric  envelope.  Nor  agun 
ia  it  easy  to  understand  how  the  irregular  nkasses  c^ 
light,  the  spots  resembling  hanks  of  thread  in  disorder, 
and  other  peculiarities  of  a  like  nature,  can  be  ac- 
counted for  on  the  theory  that  the  corona  is  a  solar 
atmosphere. 

But  this  view  of  the  corona  may  be  regarded  as 
disposed  of  completely  by  the  nature  of  the  lines  seen  in 
the  spectra  of  the  coloured  prominences.  We  have  seen 
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(p.  295)  that  tlie  gases  formiDg  the  prominences  pro- 
bably exist  at  a  comparatively  low  presHurc — that  almost 
certainly  the  pressure  near  the  summits  of  the  loftier 
prominences  fulls  very  far  below  the  atmospheric  pres- 
sure at  the  summit  of  Dbawala  Gin  and  Mount  Everest. 
\ow,  if  we  supposed  the  extension  of  the  corona  limited 
to  that  shown  in  Whipple's  photograph,  we  should  yet, 
on  the  supposition  that  the  corona  is  an  atmosphere, 
deduce  a  pressure  far  greater  than  this,  let  our  estimate 
of  the  tenuity  of  the  upper  parts  of  such  an  atmosphere 
be  what  it(reasonably)  may.  But  when  we  remember 
that  under  favourable  circumstances  the  corona  has 
been  seen  to  extend  to  a  distance  very  far  exceeding 
the  diameter  of  the  eclipsed  Sun,  so  that  its  depth  (atill 
r^arding  it  aa  an  atmosphere)  would  be  more  than  a 
million  of  miles,  or  exceed  sixfold  the  height  of  the 
loftiest  solar  prominences,  we  find  ourselves  compelled 
to  reject  the  idea  that  we  have  indeed  to  deal  with  a 
solar  atmosphere  properly  so  called. 

We  conclude,  then,  that  the  matter  (ofwhatevCT 
sort)  existing  where  we  know  that  the  coronal  beams 
extend,  does  not  form  part  of  a  solar  envelope.  This 
being  the  case,  we  have  to  account  for  its  subsistenoo 
or  continuance  in  these  regions  by  some  other  concep- 
tion than  that  of  the  combined  forces  of  attraction  and 
molecular  or  atomic  repulsion  which  keep  an  atmosphere 
in  equilibrium  (statical  or  dynamical,  as  the  case  may 
be).  Now,  there  matf  be,  and  very  probably  there  is, 
in  partial  question  here  the  action  of  repulsive  forcea 
exerted  by  the   Sim.      Most  unquestionably,  as   Sir 
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John  Herechel  baa  pointed  out,  the  Sun  does  exert 
repulaire  forces,  and  those  of  a  magnitude  incoDceir- 
ably  enormous.  Bat,  in  the  absence  of  any  exact 
knowledge  of  the  conditioD  of  the  coronal  matter,  or 
of  the  nature  and  mode  of  action  of  Holar  repulsive 
forces,  we  most  for  the  present  limit  our  consideration 
to  those  forms  of  solar  action  which  we  can  measure 
and  estimate.  We  must  inqiure  how  matter  swayed 
wholly  or  princrpally  hy  gravitation  might  remun  in 
tlie  Sun's  neighbourhood  without  being  brought  to  hu 
surface.  We  know  that  this  can  only  happen  when 
that  matter  ia  in  motion  with  suitable  velocity.  Place 
any  particle  at  rest  at  the  distance  of  Mercury,  and 
that  particle  would  move  off  towards  the  Sun,  and  in  the 
course  of  about  fifteen  days  and  a  half  it  would  fall  upon 
that  luminary.  Bat  endow  the  particle  with  Mercury's 
velocity,  no  matter  in  what  direction  (except  directly 
towards  the  Sun's  globe),  and  it  will  revol  ve  around  the 
Sun  in  an  oibit  having  the  same  mean  distance 
as  Mercury's,  It  has  become  at  once  an  attendant  on 
the  Sun,  or  we  may  say  it  is  now  a  solar  appen- 
dage. Take,  then,  a  million,  or  a  million  millions,  of 
nich  bodira  and  give  them  adequate  velocities,  even 
titongh  in  a  million  different  directions,  and  the  Sun 
forthwith  has  as  an  appendage  a  cloud  of  cosmic^ 
bodies,  whish  will  continue  for  ever,  or  for  an  indefi- 
nitely long  period,  as  a  cloud^appendage.  It  will  not  be 
fixed — the  relations  even  of  its  several  parts  will  not 
be  fixed ;  on  the  contrary,  the  cloud  will  shift  and 
fluctuate,  its  members  a^regating  here  and  segregating 
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there ;  but  as  a  cluBteriog  solar  appendage  it  will  be 
permanent. 

Now,  if  we  regard  the  corona  as  consistiiig,  not  of 
one  Bucli  clustering  appendage  but  of  coDntleas 
millions,  severally  insignificant  perchance,  bat  com- 
bining to  form  a  solar  aureola  of  enormous  dimensions 
and  of  inconceivable  real  maleficence,  we  are  at  least 
not  imagining  a  new  feature  of  the  solar  system.  On 
the  contrary,  we  have  now  for  some  t&ne  bad  abundant 
evidence  that  such  an  append^e  must  exist.  In  fact, 
we  have  simply  been  brought  by  the  consideration  of 
the  corona  to  perceive  an  eifect  produced  by  a  portion 
of  the  solar  system  which  had  already  been  recognised. 

It  is  admitted  that  the  £arth  encounters  each  year 
more  than  a  hundred  meteor  systems.  It  is  known 
that  each  meteor  system  includes  countless  millions  of 
meteors ;  it  is  known  that,  besides  the  meteors  belong- 
ing to  systems,  the  Earth  encounters  myriads  of  others 
which,  because  tbey  have  not  yet  been  associated  with 
any  known  systems,  are  called  sporadic;  and  it  is 
known  that  the  total  number  of  meteors  actually  en- 
coimtered  by  the  Earth  in  the  course  of  a  single  year 
is  upwards  of  2,700,000,000  if  we  count  only  those 
visible  to  the  naked  eye,  while  the  number  mounts  up 
to  146,100,000,000  if  we  include  those  shooting  stars 
which  can  only  be  seen  with  telescopic  aid,*  In  that 
fine  hoop  of  space  which  the  Karth  traverses  each  year — ■ 

■  These  rannlto  have  been  timplj  deduced  tiota  Professor  Newton's 
estimates  far  the  hoorl;  motion  of  the  Earth,  ezt£ild«d  t«  include  tb« 
Ewrth'*  motion  ivnnd  the  whole  of  hei  orUt.  | 
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a  hoop  having  a  circular  cross  section  of  the  relatively 
inBignificant  diameter  of  7,900  miles— these  amazing 
numbersof  meteora  are  amiuallj  encountered  andfor  the 
moet  part  consumed  as  they  pass  through  our  air ;  and 
yet  there  is  seemingly  no  diminution  in  the  supply.  If 
we  suppose  tiiat  the  space  between  the  Earth's  orbit  and 
the  Sun  ia  supplied  with  equal  richness,  then  undoubt- 
edly we  already  begin  to  have  evidence  of  some  such 
solar  appendage  as  we  have  suppofled  the  corona  to  be. 
But  this  is  not  all.  We  know  that  the  meteor 
systems  which  cross  our  Earth's  orbit  have  paths  of 
great  eccentricity,  so  eccentric  in  some  cases  as  to 
carry  the  members  of  these  systems  much  farther  out 
into  space  than  the  orbit  of  distant  Neptune.  We 
know  certainly  therefore  that  the  intersection  of  any 
meteor-orbit  with  our  Earth  is  a  mere  coincidence ;  a 
coincidence  which  would  he  so  unlikely,  if  there  were 
but  a  few  millions  of  such  systems,  that  the  laws  of 
probability  force  on  u8  the  conclusion  that  there  must 
be  millions  of  millions  of  meteoric  systems  for  each 
encountered  by  the  Earth.  We  know  again  that, 
according  to  the  laws  of  motion,  the  existence  of  multi- 
tudes of  eccentric  aystenis  implies  necessarily  the 
aggregation  of  meteors  in  the   Sun's  neighbourhood.' 

*  This  ia  tnie,  notvitlutandiiig  die  &ct  tliat  ia  excj  ongle  meteoric 
■jftem,  elliptical  io  figure,  the  arerage  eoDdenantion  (in  bug  interva]*  of 
time)  miut  be  Itut  oear  the  San,  owing  to  the  mUtiveiy  swift  motion* 
of  the  metaon  there.  For  If  «e  conceire  the  cue  of  a  Taat  nnmber  of 
•oeentric  meteorio  systami  in  ereiy  variety  of  position,  the  diminatlon 
of  Aggregation  dne  to  thie  eanae  -would  be  as  the  diatancet ,-  but  the 
increeie  of  eggregation  dm  to  the  volumetric  diminDtion  of  oi 
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On  this  account  alone  the  average  density  of  meteoric 
aggregation  would  be  twice  as  great  at  half  the  Earth's 
distance,  three  times  as  great  at  one-third  the  Earth's 
distance,  and  so  on. 

But  further,  meteors  have  been  found  to  be  associated 
with  comets — in  this  way — that  the  only  meteor  eystenu 
whose  orbits  have  been  determined  travel  on  the  orbits 
of  known  comets.  If  we  assume  this  relation,  observed 
in  the  only  instances  we  have  yet  had  the  opportunity 
of  examining,  to  apply  generally,  then  we  must  infer  a 
yet  greater  increase  of  meteoric  aggregation  near  the 
Sun.  For  it  has  been  shown  that  cometic  perihelia 
aggregate  more  and  more  densely  the  nearer  we 
approach  the  Sun. 

Yet  further,  it  would  seem  from  the  researches  ot 
Leverrier  into  the  motions  of  the  planet  Mercury,  that 
within  the  orbitofthat  planet  there  must  be  an  increased 
aggregation  of  matter.  For  he  has  shown  that  certain 
perturbations  of  Mercury's  motion  may  be  explained  by 
the  existence  of  several  small  planets  travelling  aronnd 
the  Sun  within  the  orbit  of  Mercury ;  and  aa  we  have 
had  no  proof  of  the  existence  of  even  a  single  object  of 
this  class,  and  as  the  observed  effects  can  be  equally 
well  accounted  for  by  the  Bupposition  that  myriads  of 
much  minuter  bodies  exist,  we  may  fairly  infer  on  this 
account  alone  that  the  neighbourhood  of  the  Sun  is 
richly  peopled  with  minute  cosmical  bodies. 

AbIIb  of  equRl  tticliDeBs  around  the  Son  with  approach  to  him,  would 
be  ai  the  sqnani  of  the  diEUJiee.  Hence  rasulU  on  the  whole  >n  areivge 
incraaM  of  aggregation  pAportional  to  the  duninntion  of  the  diafaca. 
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Yet  oDce  more,  Bazendell  of  Manchester  has  proved 
that  certain  periodicmeteorological  phenomena,  detected 
by  him  io  the  tabulated  statemeDts  of  the  beet  obser- 
vatories,  can  be  explained  by  the  theory  that  there  existti 
around  the  Sun  a  ring  or  zone  or  spheroid  of  matter 
(his  theory  does  not  ioaist,  he  says,  on  any  special  form) 
at  about  that  snme  distance  from  the  Sun  which 
Leverrier  has  assigned  to  the  family  of  intra-mercurial 
planets. 

Assuming  that  the  meteoric  families  which  un- 
doubtedly exist,  and  undoubtedly  become  more  densely 
aggregated  nith  approach  towards  the  Sun,  do  thas — as 
Leverriec's  theory  and  Baxendell's  would  alike  surest 
— grow  eveu  yet  richer  at  about  that  distance  from 
the  Sun  to  which  the  corona  extends  when  moat 
favourably  seen,  we  have  this  also  to  further  strengthen 
our  beliefin  the  resulting  brightness  of  the  solar  appen- 
dage thus  formed — that  these  meteors  would  be  severally 
illuminated  witli  inconceivable  splendour  on  account  of 
their  nearness  to  the  Sun.  If  we  add  to  this  that  ^ose 
approaching  most  nearly  to  him  would  be  rendered  in- 
candescent, if  not  vaporised,  by  the  intensity  of  his 
heat,  and  that  most  probably  electric  discharges  would 
take  place  between  them  *  on  account  of  the  intense 

*  I  am  avBre  that  under  □idiutr]'  tsrroitri&I  conditinns  the  rieetrie 
dischirge  irill  not  tnke  place  throngh  a  Tucuum.  But  we  hare  no 
•Tidencn  tluit  an  iifdial  raeuuni  exiata  wbere  the  eoroca  ia  swin.  On 
the  conlrai?,  it  ia  probable  that  mnltiCudei  of  the  minutr  bodiea  bevel- 
ling put  the  SuD  become  Taporiied,  and  an  eoiDbine  Id  form  a  moTJng 
TaporoBB  rrgion,  wboae  constitaotit  porta  an  coBtinnallj'  cbanging  m 
frwh  matter  anite*  and  «•  portiona  pace  awaj  to  diatascw  wlttfa  tlk^ 
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energy  of  the  solar  action,  we  have,  I  think,  abun- 
dant reason  for  expecting  that  when  the  Sun  uudei^oes 
eclipse  an  aureola  of  splendour  would  be  seen  around 

We  have,  then,  two  distinct  linea  of  argument.  We 
have  been  led  by  the  consideration  of  the  phenomena 
actually  presented  by  the  corona  to  the  conclnsion  that 
multitudes  of  bodies  too  minute  to  be  separately  visible 
exist  around  the  Sun ;  while  we  have  been  led  by  the 
consideration  of  what  we  know  respecting  multitudes  of 
minute  bodies  actually  travelling  around  the  Sun  to  the 
concluBioD  that  a  corona  or  aureole  of  light  would  be 
seen  around  him  during  total  eclipse.  It  seems  clear, 
too,  that  all  those  peculiarities  of  the  corona  which  have 
seemed  to  oppose  themselves  bo  obviously  to  other 
theories  accord  most  perfectly  with  this.  Save,  perhaps, 
one  only.  If  the  corona  is  really  crossed  by  radiating 
dark  bars  such  as  are  shown  in  Mr.  Crilman's  picture, 
and  described  by  several  observers  of  total  eclipses, 
then  most  certainly  that  phenomenon  is  not  accounted 
for  by  the  theory  here  put  forward.  The  meteoric 
theory  will  account  for  a  radial  dark  bar — by  which 
I  mean  a  bar  directed  in  a  Btrught  line  from  the  Sun — 
as  an  occasional  phenomenon.  But  that  such  bars 
should  be  a  characteristic  phenomenon  of  the  corona, 
or  that  in  any  edngle  case  the  corona  should  be  seen 

can  rMBme  thni  nonnat  condition.  Changes  aLn  ocenr,  in  all  pral»- 
bility,  irhich  no  phjiical  mearches  jet  made  can  explain,  since  ve  hara 
proof  of  peeoUaT  fomu  of  action  in  the  fonuation  and  rapid  giowtll  of 
oomeUi?  appendages. 
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streaked  with  several  such  bars,  is  a  phenomenoD  which 
DOthiBg  in  the  meteorio  liieoiy  considered  per  se  in 
calculated  to  explain. 

Now  tbb  is  a  difficulty  which  must  be  faced  by  some 
better  means  than  a  mere  attempt  to  negative  the  evi- 
dence. That  erroneous  observations  are  made  from, 
time  to  time  is  unfortunately  true  ;  but  when  a  charac- 
teristic phenomenon  which  does  not  seem  likely  to  be 
merely  imagined,  is  attested  by  trustworthy  observers, 
s  theory  begins  to  wear  a  most  questionable  aspect 
which  can  only  be  supported  by  assigning  those  obser- 
vations to  illusion. 

The  difficulty  in  this  case  is  that,  even  setting  aside 
the  objections  (overwhelming  as  I  think)  which  have 
been  brought  against  all  othertheories  but  the  meteoric 
one,  we  do  not  find  in  any  of  these  theories  the  means 
of  explaining  this  particular  phenomenon. 

Certainty  no  theory  involving  the  existence  of  a 
lunar  atmosphere  can  aid  us  in  this  strait;  because 
if  the  radial  bars  were  due  to  the  passage  of  the  solar 
rays  straight  through  such  an  atmosphere  in  lines 
touching  the  Moon's  edge  (and  no  other  path  would 
account  for  the  observed  phenomenon),  then  the  exten- 
sion of  the  lunar  atmosphere  necessary  to  account  for 
the  observed  appearances  would  be  about  200,000 
miles,  or  the  lunar  atmosphere  would  extend  nearly  to 
the  Earth.*  We  cannot  for  a  moment  ima^ne  this. 

*  It  il  tW!  t"  ■06  this  b;  making  ■  diignin  ihowiag  th?  Moon  luid 

FjiHli,  with  tha  pathioftha  imagined  rajiexteodiag  aloDg  the  bonndaij 

of  tin  Moon's  geomstriesl  Bh&dow,  cairjing  the  nji  on  until,  m  imo 

from  the  itatioo  of  an  obaarraT  on  the  Earth  (and  witiiia  the  ibadoir* 
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Kor  sg^n  can  the  '  atmospheric  glare  '  theory  ex- 
plain this  phenomeDOTi,  unless  we  suppose  the  Earth's 
atmosphere  to  extend  nearly  to  the  Moon's  distance, — 
which  is  altogether  incredible.  Indeed,  even  if  we 
admitted  this,  the  bright  rays  between  which  the  dark 
rays  are  seen  ought  to  grow  brighter  and  brighter  with 
increase  of  apparent  distance  from  the  Moon,  which  is 
the  reverse  of  what  is  actually  seen. 

It  remains,  then,  that  we  should  account  for  the 
phenomenon  by  the  theory  to  which  we  have  been  led 
by  other  considerations.  In  fact,  since  the  meteoric 
theory  has  been  shown  ta  accord  so  well  with  other 
phenomena,  while  it  derives  a  negative  strength  from 
the  obvious  flaws  in  all  the  other  theories,  we  are 
justified  in  accepting  with  a  certain  degree  of  confi- 
dence any  explanation  of  these  dark  radial  bars  which 
the  meteoric  theory  may  point  to.  In  other  words, 
instead  of  feeling  bound  to  explain  these  dark  ban 
before  admitting  the  meteoric  theory,  we  may  employ 
the  meteoric  theory  to  supply  the  explanation  we  re- 
quire. 

Now,  there  are  two  phenomena — one  belonging  to 
the  solar  system,  the  other  to  the  Earth's  economy — 
which  seem  likely  to  aid  us  in  this  matter.  One  is 
the  appearance  of  comets'  tails ;  the  other  is  the  aspect 
of  auroral  streamers.  As  respects  the  former  pheno- 
menon, it  is  to  be  remarked  that  the  directive  forces, 
whatever  they  may  be,  which  cause  the  tails  of  comets 

oone),  ihej  tiia,\\  subtend  an  angle  fonr  or  Atg  times  u  gntt  m  that 
nbtcsded  by  rJie  Moou'i  diameter. 


D,r,,t,7=^-i>,  Google 


THE  CORONA  AND  ZODIACAL  LIGBT.      37  I 

to  project  from  the  Sun,  reBide  undoubtedly  in  the  solar 
globe,  and  act  undoubtedly  widi  very  great  energy  oh 
certain  forms  of  matter  near  him.  Hence,  as  we  have 
abundant  reason  for  believing  that  the  corona  ia  not 
free  from  a  certain  association  with  cometary  matter, 
we  need  not  be  altogether  surprised  if  we  find  in  the 
corona  evidences  of  the  same  sort  of  action  that  we 
recognise  in  the  formation  and  projection  of  comets' 
tails.  Yet  again,  as  respects  the  second  phenomenon, 
we  have  the  striking  evidence  afforded  by  the  spectro- 
scope to  show  that  a  resemblance  of  some  sort  exists 
between  the  coronal  light  and  that  of  our  auroras ;  so 
that  we  are  justified  in  finding  some  resemblance,  and 
even  in  conceiving  that  some  association  exbts,  between 
the  long  straight  streamers  which  form  so  remarkable 
a  feature  of  the  aurora  borealis,  and  those  straight 
radial  bars,*  with  dark  intervening  spaces,  seen  in  the 
solar  corona. 

There  is  a  circumstance  which  seems  to  render  tiis 
relation  more  striking  in  the  fact  that  the  only  ex- 
planation one  can  readily  conceive  of  the  observed 
characteristics  of  the  auroral  spectrum  seems  to  bring 
us  f^iun  upon  that  subject  of  meteoric  astronomy 
which  has  thus  far  stood  us  in  such  useful  stead.     Foi 

*  It  it  worthj  of  notice  thnt  n  difflcnlty  exists  in  the  nlntivel]'  sm&lt 
■ectioD  of  the  radial  bars,  both  bright  tuid  dark ;  for  thia  pheaomf  non 
Toald  implj  that  the  ceatre  of  that  oetioD  to  trbich  these  bars  axe  due 
caDDfrf.  hare  the  dimnDeions  of  the  solar  globe  which  «e  arp  able  to 
meAsQre.  It  mem»  far  from  ualikelj  (since  indeed  ire  have  other 
evidence  corrabonting  sneh  a  view)  that  the  central  and  more  condensed 
pfHtioQi  of  the  Snn'i  mass  may  be  the  real  smt  of  this  inCcnie  repnlnn 
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WDong  the  bright  lines  seen  in  the  auroral  spectrnni 
is  one  agreeing  in  position  with  a  line  of  iron,  and  it 
has  been  thought  probable  b^  Stewart,  Angstrom,  and 
others,  that  the  light  of  the  aurora  is  dne  in  part  to 
electrical  discharges  talcing  place  in  the  upper  re^ons 
of  our  atmosphere.  But  how  can  iron  reach  those 
apper  regions  save  from  meteoric  visitanle?  and  what 
can  be  more  likely  than  that  iron  does  actually  reach 
the  upper  regions  of  our  air  in  this  way,  when  we 
consider  how  lai^ely  iron  enters  into  the  composition 
of  nearly  all  the  meteoric  masses  which  have  been  so 
far  subjected  to  analysis  ? 

But  it  may  be  reasoned  that  if  this  is  indeed  the 
case,  if  solar  action  in  the  upper  regions  of  the  Earth's 
atmosphere  (or  terrestrial  action  escited  in  some  way 
by  the  Sun)  can  cause  these  electrical  discharges,  then 
solar  action  exerted  directly  on  similar  material  in  the 
other  parts  of  the  Sun's  domain -ought  to  exojte  a 
similar  luminosity,  and  that  therefore  we  ought  at 
night  to  see  some  traces — faint,  it  may  be,  bat  still 
recognisable — of  this  particular  form  of  phospho- 
rescence. 

This  amounts,  in  fact,  to  the  consideration,  th&t  the 
limits  of  the  corona  as  seen  daring  total  eclipse  ought 
not  to  mark  the  real  limits  of  the  Sou's  light-exriting 
action.  And  even  supposing  that  but  a  small  propor^ 
tion  of  the  coronal  light  is  really  due  to  this  form  (rf 
action — that  is,  to  electrical  discharges — it  would  still 
be  likely  that  some  signs  of  those  meteoric  systems 
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whose  illumination  by  the  Sud  bus  been  here  regarded 
as  the  cause  of  the  corona,  should  be  seen  beyond  the 
obaerred  limitB  of  that  aureola  of  light 

Here  again  it  happens  (and  I  know  no  surer  test  of 
the  justice  of  a  theory)  that  we  have  been  led  to  see 
that  a  certain  phenomenon  thould  be  manifested,  which 
actually  U  a  familiar  phenomenon  of  the  heavens,  and 
which  would  most  assuredly  have  required  explanation 
if  it  had  not  thus  been  led  up  to. 

For  precisely  in  that  region  where  we  Bhould  expect 
to  find  a  faiatgleam  of  light— precisely  where  the  known 
relations  of  the  planetary  scheme  would  lead  us  to 
look  for  an  abundance  of  meteoric  material,  there 
appears  that  mysterious  luminosity  known  as  the 
Zodiacail  Light.  And  just  as  our  reasoning  has  led  us 
to  regard  the  meteoric  appeudage  of  the  Sun — an 
appendage  really  extending  far  beyond  the  orbits  of 
the  moet  distant  planets — as  variable  in  configuration, 
however  constant  when  regarded  as  a  whole,  so  we  find 
the  zodiacal  light  varying  from  year  to  year  in  bright- 
ness, and  extent,  and  position.  Its  light,  again, 
presents  that  faint  tinge  of  pink  which  has  been 
recognised  in  the  corona  and  forms  so  marked  a  phe- 
nomenon of  the  aurora.  It  has  even  been  observed  to 
fluctuate  in  brightness  and  to  be  traversed  by  llicker- 
ings  and  coruscations — to  thrill,  as  it  were,  responsive 
to  mysterious  infiuences,  precisely  as  we  should  expect 
on  the  supposition  that  it  is  analf^ous  to  the  aurora. 
But  lattltf,  at  if  to  remove  all  doubt,  comet  the  fae% 
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that  the  light  of  the  zodiacal  gleam  gives  the  verg  tamf 
spectrum  as  the  aurora,  a  spectrum  tchich,  as  tee  hare 
alreadg  teen,  resembles  closely  that  of  the  corona. 

I  have  iiaid  that  if  we  were  not  led  by  our  considera- 
tion of  the  corona  to  anticipate  as  it  were  the  existence 
of  the  zodiacal  light,  we  Bhould  have  to  explain  this 
latter  phenomenon.  Let  us  view  the  zodiacal  light 
apart  for  a  moment. 

We  have  a  glow  or  radiance  which  is  commonly  seen 
along  the  zodiac, — that  is,  in  the  region  of  the  sky 
where  planets  are  to  he  looked  for.  This  glow  obeys 
all  the  usual  laws  observed  in  the  motion  of  celestial 
bodies.  It  rises  and  sets  precisely  as  the  fixed  atars 
and  planets  are  observed  to  do.  If  we  travel  towards 
or  from  the  equator,  it  is  seen  higher  or  lower,  pre- 
cisely as  the  part  of  a  planet's  path  near  the  Sun's 
place  would  shift.  It  presents  all  those  peculiarities, 
in  fine,  which  force  on  the  astronomer  the  conclusion 
that  he  has  to  do  with  an  extra-terrestrial  phenomenon, 
and  a  further  peculiarity  showing  that  it  is  a  pheno- 
menon specially  associated  with  the  planetary  scheme.* 

•  Space  forbids  roj  entering  here  into  a  conaidBTftlion  of  the  args- 
menta  bj  vhich  alt  other  theories  of  the  iodia(^al  light  may  be  negntiTsd. 
Id  the  Monthly  Kotiett  for  NoremtMr  of  the  present  jear  (hero  will  be 
(I  write  this  in  October)  a  paper  of  mine,  showing  b;  mathematinl 
caneidemtioDB  of  a  vary  plain  kind  that  the  onlj  admieeible  thmrj  of 
tbe  zodieeal  light  is  Chat  same  theoiy  vhtrh  I  have  here  urged  in  eipli- 
natiuD  of  tbe  eorona, — the  theory,  oamely,  that  (here  exists  around  ihr 
Sun  a  region  of  meteoric  matter  conticuaLly  changing  in  configurAtioc 
and  conatitution,  oving  to  the  continual  arrival  and  departure  of  ia- 
diridnal  meteors.  Every  peculiarity  of  tbe  lodtacal  light  ia  in  accontuice 
with  this  view,  and  many  of  its  featnrea,  a»  also  many  featoiea  uf  the 
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It  has  therefore  been  regarded  by  every  astronomer 
who  baa  studied  tho  subject  with  due  attention,  aa  in- 
dicating tlie  existence  of  a  lens-sbaped  region  around 
tbe  Sun  within  which  cosmical  matter  ia  strewn  wlt^ 
considerable  profusion. 

Now,  regarding  the  zodiacal  light  in  this  way,  and 
considering  ita  general  aspect  when  seen  under  favour- 
able conditions,  tbe  conclusion  is  forced  upon  us  that 
the  density  of  ^gregation  of  this  cosmical  material 
increases  with  proximity  to  the  solar  globe.  For  we 
see  that  the  borders  of  tbe  zodiacal  light  are  very 
much  fainter  than  the  central  part  or  core  of  the  gleam. 
We  see,  again,  that  the  light  grows  brighter  and 
brighter  towards  the  horizon,— that  is,  with  proximity  to 
tbe  place  of  the  Sun.  And  these  relations  are  observed 
even  in  those  countries  where  at  certain  seasons  tJie 
zodiacal  light  is  vertical,  and  where  therefore  the 
actual  are  separating  ita  base  from  the  Sun's  place  is 
least  at  Uie  time  when  the  light  is  first  visible  ailer 
sunset  or  before  sunrise. 

The  obvious  conclusion  is,  that  if  tbe  zodiacAl  light 
could  be  traced  yet  fartber  towards  the  Sun's  place 
this  increase  of  lustre  would  continue,  and  that  there- 
fore all  round  the  Sun  there  would  be  seeu  a  luminosity 
corresponding  precisely  with  tbe  observed  aspect  of 
the  coivina.      So  that  again  we  are  led  by  the  con- 

eoioBb,  seem  iadiTidu>l]y  eiplicalile  oa  nu  other  hypotheain;  vhilii 
auHuredly  no  other  theory  con  account  for  alt  the  obsacTed  [wculiariUai 
of  thate  Temaikalilu  phenomenft  of  oax  ■j'litDiii. 
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BideratioD  of  a  well-recogiUBed  feature  of  the  aolar 
system  to  the  coDclasion  that  the  corona  is  a  pheno- 
menoD  to  be  expected  when  the  Sun  is  totally  eclipsed, 
rather  than  one  whose  appearance  should  be  regarded 
as  surprising  and  perplexing.* 

In  conclusion  I  would  remark  that  while  the  exact 
nature  of  the  corona  remains — and  perhaps  may  long 
remain — a  mystery,  I  koow  of  few  instances  in  which 
the  general  nature  of  a  phenomenon  has  seemed  more 
satisfactorily  exhibited  than  in  the  case  of  the  corona 
and  zodiacal  light.     We  have  the  strongest  negative 

*  To  the  coaBidprationi  above  adduced,  I  ma;  add  sorib  vhich  ar« 
touched  upon  in  a  pap«c  of  mine  vhifh  appeared  in  Frater't  ttagaxate 
for  FebnuLi;  lost : — '  There  is  one  feslure  of  cometa'  taila.'  I  there  point, 
out,  '  irhii:h  haa  long  since  attracted  attention,  and  wiU  rrmind  tlie 
reader  of  the  petruliarities  common  to  ihe  zodiacal  light  and  the  auron. 
I  refer  to  tliesuddenchangeiiof  btiUiimc;,  thefliekeringi  orcomwstioDs, 
ud  the  instantaneoua  lengthening  and  ■hortening  of  Iheea  mjrsterioDa 
appendngev.  Olbera  apoke  of  "  eipLosiona  and  pulaationa,  which  in  m 
few  aeconds  went  trembling  thnmgh  the  whole  length  of  a  comet'a  tail 
with  Uie  effect  now  of  lengthening  DOW  of  abridging  itbyaereral  df^reea." 
And  the  eminent  malhematician  Euler  waa  led  bj  the  obaeryation  of 
similar  approraocH  to  put  forward  the  theory  "  that  tiert  it  a  ffrrai 
aSinity  betmtett  these  taiii,  tht  lodiacal  iight,  and  the  aurorti  boreaiu." 
The  late  Admiral  Smyth,  commenting  on  this  opinion  of  Euler"*,  remarks 
that  "  moat  reasonera  Heem  now  to  consider  comets'  taila  as  consisting  of 
electric  matter  "  (that  is,  I  mppose.  indicating  the  nccurreDoe  of  eleetnc 
diechaif^),  adding  that  "  this  would  account  far  the  nndulatjona  and 
other  appearances  which  hare  been  noticed^-a»,  for  instanee,  that  extra- 
ordinary one  seen  by  Chladni  in  the  comet  of  ISll,  when  Mitain 
undulatory  ebullitions  rushed  from  ths  nucleus  to  the  end  of  the  tail,  k 
distance  of  more  Chan  ten  millions  of  miles  in  two  or  three  seconds  of 
time."  To  this  may  be  added  the  theory  luggestcd  by  Sir  JohnHemhel, 
that  the  matter  forming  thsaodiocal  light  is  "  loaded,  perhaps,  with  tbe 
actual  materials  of  the  tails  of  millions  of  comets,  which  hare  b«ai 
stripped  of  these  appendagsa  in  the  course  of  snecessiTS  passages  Toand 
the  immediate  neighbourhood  of  the  Son." 
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evidence  against  all  other  theories  but  one,  and  that 
one  theory  is  confirmed  hj  line  after  line  of  positive 
reasoning.  To  doubt  what  general  view  we  Bhould 
form  of  the  corona  and  zodiacal  light  under  these  <ur- 
cumstances  aeema  to  me  to  savour — not  of  that  wise 
caution  which  prevents  the  true  philosopher  from  over- 
looking difficulties,  but  rather — of  an  inaptitude  to 
estimate  the  value  of  evidence.  As  to  details  we  may 
be  doubtful.  Other  matter  than  meteoric  or  cometio 
matter  may  well  be  in  question ;  other  modes  of 
producing  light,  save  heat,  electricity,  or  direct  illumi- 
nation, may  be  in  operation  in  this  case ;  and  lastly 
there  may  be  other  forces  at  work  than  the  attractive 
influence  of  solar  gravity,  or  the  form  of  repulsive 
force  evidenced  by  the  phenomena  of  comets.  As 
regards,  also,  the  true  shape  and  position  of  the  coronal 
and  zodiacal  appendage — and  yet  mote  as  regards  its 
variations  in  shape — we  may  still  have  much  to  learn. 
But  of  the  general  fact  that  the  corona  and  zodiacal 
light  form  a  solar  appendage  of  amazing  extent  and 
importance,  that  they  ate  not  merely  terteatrial  phe- 
nomena, but  worthy  of  all  the  attention  astronomers 
and  physicists  can  direct  to  them,  it  seems  to  me  that 
no  reasonable  doubts  can  any  longer  be  entertained. 
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CHAPTER   VII. 

PHYSICAL   CONDITION  OF   THE  SUS. 

In  the  course  of  the  last  four  chapters  a  number  of 
facts  bearing  on  the  physical  condition  of  the  Sun  have 
been  dealt  with  at  greater  or  less  length.  Considered 
separately  these  facta  are  full  of  interest  and  seem  to 
afford  somewhat  satisfactory  information  on  the  points 
they  severally  relate  to.  We  feel  little  difficulty,  for 
instauce,  in  giving  a  general  interpretation  to  the  dark 
lines  of  the  solar  spectrum,  regarding  them  as  un- 
doubtedly due  to  the  existence  of  the  vapours  of  certain 
metalUc  and  other  elements  in  the  solar  atmosphere. 
We  regard  with  acertain  confidence,  again,  the  concep- 
tion that  the  spots  are  depressions  of  greater  or  less 
depth,  and  further  that  the  light  received  from  the 
umbra  of  a  spot  shines  through  absorbing  vapours,  some 
of  which  exist  at  a  greater  pressure  and  at  a  lower  tem- 
perature than  over  the  rest  of  the  photosphere.  We  are 
able,  also,  to  form  certain  sufficiently  definite  opinions 
respecting  the  prominences,  more  particularly  as  regards 
the  pressure  at  which  their  substance  exists  and  the 
motions  to  which  they  are  subjected.   While,  lastly,  the 


PHYSICAZ   CONDITION  OF  THE  SUN.      379 

corona  has  been  studied  with  results  which  cannot  but 
be  regarded  aa  trustworthy. 

But  whenTre  attempt  to  cocibiae  these  several  results, 
and  further  to  determiue  what  the  general  condition  of 
that  orb  may  be  ^rhich  presents  these  several  features, 
we  recognise  at  once  that  a  problem  of  enormous 
difficulty  lies  before  us.  The  more  we  have  learned 
respecting  the  Sun,  nay  the  more  we  have  learned 
respecting  those  physical  laws  by  which  we  are  to 
interpret  solar  phenomena,  the  more  insuperable  have 
our  difficulties  become.  It  was  easy  to  theorise  when 
as  yet  but  little  waa  known.  It  was  easy  to  suppose 
that  the  few  physical  laws  we  imagined  we  understood 
sufficed  to  account  for  all  the  phenomena  presented  by 
the  solar  orb.  But  as  one  fact  aft«r  another  has  been 
discovered,  the  true  complexity  of  the  problem  has  been 
revealed  to  us  ;  and  as  the  physical  laws  which  it  is  in 
our  power  to  discuss  and  experiment  on  have  been  more 
carefully  studied,  we  have  begun  to  recognise  how  very 
limited  our  experience  has  hitherto  been.  It  is  not  too 
much  to  say  that  theories  respecting  the  Sun's  physical 
condition  which  would  have  been  regarded  twenty  years 
since  as  deserving  of  careful  study,  have  nowno  worthier 
standing  in  science  than  the  idea  of  Anaximander  that 
'  the  Sun  is  a  great  vessel  filled  with  Ere,  at  the  top  of 
which  is  an  opening  through  which  the  fire  escapes.' 

It  is  easier  to  consider  those  facts  which  have  re- 
vealed to  us  the  enormous  difficulty  of  the  problem  we 
are  upon,  than  to  present  any  considerations  tending 
to  render  oar  conceptions  clearer. 
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In  the  firat  place,  we  recognise  the  fact  that  in  the 
Sun  the  elementB  exiat  in  conditions  altogether  differ- 
ent from  those  we  are  familiar  with.  This  is  true  of  all 
orders  of  elements,  from  those  whose  normal  condition 
(as  recognised  by  us^  is  gaseous,  to  those  which  at 
ordinary  or  even  very  high  temperatures  remun  solid 
or  liquid.  For  instance,  metals  which  we  can  vola- 
tilise indeed  in  small  quantities,  and  by  the  ud  of 
special  contrivances,  but  which  yet  we  can  only  experi- 
ment upon  (properly  speaking)  when  they  are  in  the 
solid  or  liquid  state,  are  present  in  the  Sun  as  glowing 
vapours.  But  also  gases  which  no  amount  of  pressure 
or  refrigeration  we  can  command  will  cause  even  to  show 
signs  of  approaching  the  liquid  condition,  probably  exist 
in  certain  portions  of  the  solar  globe  as  liquids  or  even 
as  solids.  On  the  one  hand,  then,  we  have  an  incon- 
ceivably high  temperature  volatilising  our  most  fixed 
elements — nay,  for  aught  we  know,  perhaps  dissociating 
substances  which  we  regard  as  elements  into  their  true 
primary  constituentB ;  on  the  other  we  have  an  incon- 
ceivably high  pressure  at  a  relatively  inconsiderable 
distance  beneath  the  photosphere,  reducing  our  so-called 
perfect  gases  into  the  liquid  or  solid  form.* 

■  I  do  not  know  that  ire  have  any  mScienl  erideiice  (hat  hydrogen, 
tajgen,  nitrogen,  and  othei  giiSM  vhich  ve  call  perfect,  are  nally  ai> 
eeptioDB  to  the  genraal  rule  that  all  HubBtmicee  are  enpable  of  wanmitig 
— nnder  suitable  couditioaB^the  lolid,  liquid,  and  gaseoua  fonn.  It  ia 
true  that  no  pressure  or  refrigeration  we  can  apply  eanaea  thne  gawa  10 
exhibit  the  least  trace  of  thoBo  qualitleB  vliich  the  imperfect  gase*  ex- 
hibit at  oidinaiy  tempccaturea  and  pretiaarea.  In  other  Tords,  the  perfect 
gases,  as  their  title  implim.  obey  perfectly  (IjthelawaseociatJngdenBitT 
and  preeaure;  and  (2)  the  law  according  to  which  the  nlalion  of  apadSc 


PHFSICAL  CONDITION  OF  THE  SUN.      38 1 

In  the  next  place,  we  have  learr\sd  of  late  to  recog- 
nise on  how  veiy  doubtful  a  basis  many  of  the  received 
axioms  (almost)  of  physical  science  have  been  placed. 
No  laws  of  science  were  perhaps  more  thoroughly 
accepted  than  those  which  were  supposed  to  distinguish 
the  solid,  liquid,  and  gaseoua  states  from  each  other. 
All  physicists  believed  that  a  definite  and  well-marked 
change  of  condition  nccesBaiily  acconapaniea  the  process 
by  which  gas  passes  into  the  liquid  state,  and  very 
few  were  disposed  to  doubt  that  a  correspondingly 
distinct  line  of  demarcation  separates  the  liquid  from 
the  solid  state.  Yet  the  researches  of  Dr.  Andrews 
have  recently  shown  that  under  certain  conditions  car- 
bonic acid  gas  may  be  made  to  pass  by  absolutely  in- 
sensible gradations  from  an  undoubtedly  gaseous  to 
an  undoubtedly  liquid  state ;  and  it  is  recognised  that 
what  has  been  proved  in  the  case  of  a  single  gas  is  in 
all  probability  true  of  all  gases  and  vapours.  It  has 
been  also  rendered  highly  probable  that  under  suitably 

beata  at  conBtant  pnssure  luid  coDBtAct  Tohime  remaiDS  constant.  But 
it  IB  known  that  imperfect  gases  at  ordinary  temperatares  and  preamret 
■eem  ytrj  vIoBely  to  obey  these  l&ws,  though  as  the;  approach  more  and 
tnore  nearly  to  the  ciicnmetances  nnder  which  thej  became  liquid 
(whetbar  through  increased  pressure,  simple  refrigeration,  or  both  com- 
biDed)  they  depart  in  a  marked  way  bom  these  laws.  And  it  Is  probable 
that  if  the  imperfect  gases  could  be  eiperimeated  on  at  enormously  high 
iBinperatDree  and  low  preasores,  they  would  be  found  to  obey  tbe  above. 
named  laws  aa  perfectly  to  all  appearance  as  the  perfect  gaaea  do.  All 
we  can  assert  respedjng  the  perfect  gases  is  that  none  of  the  processed 
of  combined  preseore  and  refngeration  hilhaiio  applied— ^wrhapa  none  we 
an  capable  of  apfdying-'bring  them  even  bo  Au  towacde  the  state  under 
which  they  would  become  liquid  aa  the  imperfect  gasea  are  brought 
wider  ordinaiy  pnaaurea  and  temperatures. 
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great  pressure  the  passage  of  a  molten  metal  to  tine 
solid  form,  or  conversely  the  melting  of  such  a  metal, 
ma^  take  place  in  a  gradual  manner,  so  that  at  a  cert^n 
stage  of  the  process  it  shall  he  impossible  to  say 
whether  the  metal  or  certain  portionB  of  it  be  liquid  or 
solid. 

Another  physical  law  had  been  thought  to  be 
thoroughly  established.  It  had  been  supposed  that 
the  whiteness  (or  true  incandescence)  of  flame  was  due 
to  the  presence  of  minute  particles  of  incandescent 
matter.  But  Frankland  has  shown  that  with  increase  of 
pressure  the  faintly  luminous  light  of  burning  hydrogen 
may  be  rendered  bright,  and  that  by  sufficiently  in- 
creasing the  pressure  the  spectrum  of  the  light  becomes 
continuous.  So  that  what  had  been  supposed  the  most 
marked  characteristic  of  incandescent  solid  and  liquid 
bodies,  is  thus  shown  to  be  a  possible  characteris- 
tic of  the  light  of  glowing  gas.  Thus  the  whole 
basis  of  our  reasoning  (which  had  been  thought  so 
sound)  respecting  the  actual  condition  of  the  solar 
photosphere,  whether  as  evidenced  by  direct  obser- 
vation or  by  analysis  with  the  spectroscope,  has  been 
shaken. 

Yet  again  we  have  learned  to  recognise  the  fact 
that  the  imagined  limits  to  the  rarefaction  at  which 
gases  may  subsist,  as  such,  had  been  placed  far  too  low. 
Oar  experimenters  have  gone  indeed  very  far  towards 
the  production  of  an  actual  vacuum,  without  obtain- 
ing any  evidence  that  the  almost  infinitesimal  quantity 
of  gas   which    can    alone    remain    in    the    so-called 
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vacnnm^tubes,  behaves  otherwise  than  at  appreciable 


It  will  be  seen  at  once  how  importantly  this  bears 
on  the  subject  of  solar  physics,  since  it  compels  us  to 
reconsider  all  our  ideas  respecting  the  probable  limits 
of  atmospheric  envelopes ;  and  the  most  difficult  ques- 
tions of  solar  physics  are  precisely  those  which  depend 
on  this  matter.  Unfortunately  the  observed  fact  gives 
ue  no  new  means  at  present  of  forming  a  satisfactory 
opinion  as  to  atmospheric  limits.  Even  if  it  should  be 
r^arded  as  demonstrating  that  there  is  no  real  limit 
to  atmospheric  extension,  we  should  still  be  no  nearer 
than  before  to  a  determination  of  the  atmospheric 
pressures  at  the.  surface  of  the  Sun  or  of  any  planet 
except  our  own  Earth ;  and  this  is  the  problem  which 
chiefly  concerns  us  here.f 

*  Thej  hare  carried  the  Tarefaeljon  eo  far  that  (he  electric  apark  will 
no  longer  trsTerse  the  tenuous  mediuia  ;  and  some  hitve  been  led  to 
enppoee  that  wlini  this  state  of  things  has  befn  bronght  sbont  there 
maat  be  an  actoul  vacanm.  No  such  conclnaioii  can  he  regarded,  bow- 
aver,  I  will  not  sa;  as  demonetrated,  but  as  probable  or  even  oonceirable. 
All  the  eridenee  we  have  tends  to  show  that  B.n  absolute  vacuam  is  as 
hnagiDBrj  a  conception  as  thn  philooopher'a  etone  or  the  perpetuul  motion. 
Take  the  most  stable  and  dense  metal,  platinum,  and  conceive  that  fora 
moment  in  the  hean  of  a  mass  of  such  metal  there  was  a  racuone  space ; 
theo  in  an  instant  that  space  wonid  be  occupied.  For,  even  setting  ande 
the  probability  that  Ibe  moat  solid  metals  undergo  an  indefinitely  minate 
but  stillreal  dissipation  at  their  anrfaces,  corresponding  10  tJiat  dissipa- 
tion which  ice  undergoes  at  the  lowest  temperatures  jet  experimented  on — 
setting  aside,  I  ray,  this  probabititj,  there  yet  remains  the  certainty  that 
in  the  intimate  molecnlar  structure  of  the  platinom  a  perfectly  free  com- 
munication exists  between  the  imagined  space  within  and  the  space 
without.  The  commnnicalion  is  not,  indeed,  such  as  suJEces  for  the 
conveTance  of  certain  forms  of  matter  or  of  motion  ;  but  that  it  is  none 
the  lees  real  on  that  account  cannot  he  qnestioned. 

t  It  wonld,  indeed,  be  pleasant  to  theoriae  on  this  matter, — to  eoiidi)de,| 
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Still  further,  in  coosidering  the  Sun's  pbyeical  con- 
dition, we  have  to  discuBS  the  effect  of  motions  wholly 
eurpaaaing  in  velocitv  any  that  we  are  familiar  with  on 
Earth,  and  therefore  h  fortiori  any  that  we  can  experi- 
ment upon.  Setting  aside  the  fact  that  matter  from 
without  must  continually  be  falling  upon  the  Sun  (in 
whatever  condition)  mth  velocities  such  as  have  been 
dealt  with  in  Chapter  II.,  we  have  the  observed  fact 
that  movements  fairly  comparable  with  these  have  been 
recognised  in  the  very  substance  of  the  Sun  by  the  aaA 
of  spectroscopic  analysis.  Now,  what  means  have  w^e 
for  determining  the  probable  effect  of  motions  of  lOO 
miles  per  second  taking  place  even  among  substances  in 
conditions  such  as  we  ate  familiar  with?  We  know  the 
effects  of  certain  velocities ;  we  see  the  bullet  melted  as 
it  reaches  the  target,  the  meteor  vaporised  as  it  speeds 
through  the  air.  But  we  have  no  means  whatever  of 
determining  what  effects  would  be  produced  by  veloci- 
ties enormously  exceeding  even  the  inconceivable 
velocity  of  many  meteors.  When  to  this  we  add  that 
the  swift  motions  referred  to  take  place  amid  depths  of 
vaporised  metals,  and,  for  aught  we  know,  over  seas 
and  continents  of  liquefied  and  solidified  gases,  we  may 
well  shrink  from  the  task  of  attempting — at  least  in  the 

for  example,  that  every  planet  could  hare  juft  so  much  atmocpbere  a* 
comspoDded  lo  the  range  of  its  attracliTC  influences ;  and  conseqiiPatlj 
to  deduce  the  atmospheric  pressure  npoD  the  Suo.  But  no  confldenM 
could  be  placed  in  snch  theories.  For,  on  the  implied  supposition,  quite 
other  forces  than  attraction  would  hRve  to  be  considered.  And,  foitber, 
it  would  be  an  ineritable  conseqneiiee  of  such  a  state  of  things  that  «■ 
the  planets  changed  their  relative  poutione,  the  atmospheric  pressure  at 
the  surihce  of  each  would  -nrj. 
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])resent  state  of  our  knowledge — to  estimate  their 
probable  effects. 

I  confess,  therefore,  that  at  this  stage  of  mj  subject 
I  am  very  far  from  sharing  that  confidence  vhich  I 
find  some  men  possess  in  dealing  with  problems  of 
solar  physics.  I  shall  not  pretend  to  place  all  the 
phenomena  in  that  due  order  in  which  they  appear  in 
the  theories  hitherto  propounded.  I  can  only  look  on 
with  a  sense  of  bewildered  admiration  while  the  pro- 
fessors of  rival  theories  eshibit  the  physical  habitudes 
of  the  Sun  as  obviously  explicable  according  to  con- 
tradictory hypotheses.  I  must  admit  that  it  seems  to 
me  that  only  a  very  energetic  forgetfulneas  of  a  large 
proportion  of  the  evidence  can  account  for  the  adoption 
of  these  theories.  I  must  content  myself,  therefore,  with 
an  exceedingly  brief  statement  of  certain  general  rela- 
tions, which  are  all  th&t  I  find  satisfactorily  exhibited 
by  what  has  as  yet  been  learned  respecting  the  Sun. 

We  have  in  the  Sun  a  vast  agglomeration  of  the 
elements  we  are  familiar  with  on  Earth  ;  and  this  vast 
agglomeration  is  subject  to  two  giant  influences,  pro- 
ducing in  stmie  sort  opposing  effects — viz., a  temperature 
far  surpassing  any  we  can  form  any  conceptions  of, 
and  a  pressure  (throughout  nearly  the  whole  extent  of 
the  solar  globe)  which  is  perhaps  even  more  dispro- 
portionate to  the  phenomena  of  our  experience.  Each 
known  element  would  (beyond  all  question)  be 
vaporised  by  the  solar  temperature  at  known  pres- 
sures ;  each  would  (there  can  be  little  question)  be 
solidified  by  the  vast  solar  pressures,  did  these  occur  at 
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known  temperatures.  Now,  whether  under  these  cir- 
cumstancee  the  laws  of  gaseous  diffiiBion  prevul  where 
the  elements  are  gaseous  in  the  solar  globe ;  whether 
where  liquid  matter  exists  it  is  in  general  bounded  in  a 
definite  manner  from  the  neighbouring  gaseous  matter ; 
whether  any  elements  at  all  are  solid,  and  if  so  under 
what  conditions  their  solidity  is  maintained  and  the  limits 
of  the  solid  matter  defined — all  these  questions  are 
such  as  we  must  answer  before  we  can  fonn  a  satisfac- 
tory view  of  the  solar  constitution;  and  yet  they  are 
questions  which  we  have  at  present  no  means  of 
answering.  Again,  we  must  learn  how  far  combustion, 
properly  so  called,  can  take  place  within  the  Sun's 
ma£s,  and  whether  those  processes  which  we  recc^ise 
as  combustion  are  the  only  processes  of  combustion 
which  can  actually  take  place  there.  For  aught  that  is 
yet  known,  the  intensity  of  the  forces  at  work  upon  and 
within  the  Sun  may  wholly  prevent  the  occurrence  of 
any  processes  of  combustion  familiar  to  ourselves; 
while  other  processes  of  true  combustion  altogether 
unthought  of  by  us  may  be  in  continual  action. 

Assuming,  however,  that  some  general  resemblance 
exists  between  the  processes  at  work  upon  the  Sun 
and  those  we  are  acquainted  with  (the  wildest  assump- 
tion possible),  we  may  imagine  that  the  various  elements 
in  the  solar  substance  ordioarily  exist  down  to  certain 
definite  levels  in  the  gaseous  form,  at  lower  levels 
(definite  for  each)  in  the  liquid  form,  at  yet  lower 
levels  in  the  solid  form.  That  part  of  each  element 
which  is  gaseous  must  again  be  divided  into  two  poi^ 
tiouB — that  whose  light  ie  capable  of  giving  charac- 
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teristio  epectre  of  lines  or  bonds  (these  spectra  being, 
however,  dlETerent  for  portions  iTing  at  different  depths), 
uid  that  lower  portion  whose  light  is  capable  of  giving 
a  continuous  spectrum. 

Now,  here  we  approach  the  great  difficulty  of  inter- 
preting the  results  of  the  spectroscopic  analysis  of  the 
Sun.  We  have  no  means  of  learning  whence  that 
part  of  the  light  comes  which  gives  the  continuous 
spectrum.  When  we  recognise  certain  dark  lines, 
we  know  certainly  that  the  corresponding  element 
exists  in  the  gaseous  form  at  a  lower  temperature  than 
the  substance  which  gives  the  continaouB  spectrum. 
And  so,  also,  we  can  interpret  the  appearance  of  bright 
lines.  They  show  beyond  question  that  the  oorre- 
sponding  element  exists  in  the  gaseous  form  at  a  higher 
temperature  than  the  substance  which  gives  the  con- 
tinuous spectrum.  But  as  regards  that  continuous 
spectrum  itself  we  can  form  no  Bucb  exact  opinion.  It 
must  be  remembered  that  a  substance  giving  a  con- 
tinuous spectrum  is  not  necessarily  opaque  to  light 
from  a  substance  at  higher  temperature  also  giving 
a  continuous  spectrum.  It  is  capable  of  exercising  a 
general  absorption,  but  not  necessarily  (nor  probably, 
under  such  conditions  as  exist  in  the  Sun)  of  exercis- 
ing an  absorption  at  once  general  and  complete.  Hence 
we  have  no  means  of  determining  how  great  a  depth  of 
the  solar  substance  is  concerned  in  sending  out  the 
light  which  gives  the  continuous  background  of  the 
spectrum.  This  light  may  come  from  the  sur&ce 
layers  only — but  it  may  be  a  shell  whose  thickness 
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forms  no  incoDeiderable  aliquot  part  of  the  Sun's 
diameter.*  And  the  reversal  of  the  lines  of  certain 
elements,  although  it  cannot  take  place  at  such  exces- 
sive depths,  may  yet  take  place  very  far  below  the 
visible  limits  of  the  photosphere.  For,  as  I  have 
already  shown,  a  depth  of  a  few  hundred  miles  would 
be  wholly  inappreciable  in  the  most  powerful  telescope 
(spectroscopically  armed),  and  so  no  peculiarities  would 
be  recognised  as  the  result  of  processes  taking  place 
within  such  distances  of  the  solar  surface,  however 
diligently  the  edge  of  the  solar  disc  might  be  examined 
with  the  spectroscope.  And,  further,  as  respects  the 
examination  of  the  Sun's  edge,  on  which  so  much  stress 
has  been  laid,  it  is  far  from  nnUkely— if,  indeed,  it  is 
not  to  be  regarded  as  certain — that  the  visible  edge  of 
the  solar  disc  lies  considerably  above  the  true  limit  of 
the  photosphere.  That  light  at  the  Sun's  edge  which 
seems  to  belong  to  the  hemisphere  of  photospheric 
matter  turned  towards  us  comes  probably  from  parts 
of  the  photosphere  which  lie  really  beyond  the  borders 
of  that  hemisphere,  and  are  simply  brought  into  view 
through  the  refractive  power  of  the  lower  layers  of  the 
solar  atmosphere.  I  am  not  here  venturing  a  mere 
opinion  or  conjecture, — though  I  profess  no  certainty 
of  conviction  in  the  matter.     We  have  the  evidence  of 

"  This  is  in  no  iray  opposed  to  the  eridence  adduced  by  Sir  John 
Hcraehol  ftran  the  appiirent  nnfformity  of  light  derived  from  a  glowing 
and  trBDBpftroDt  liquid  not  unifonnly  dc«p;  for  ereiy  part  of  tmch  a 
liquid  {at  lenet  in  Sir  John  Eer&chol'a  eiperimpDt)  ia  at  appreciablj 
the  Bam<>  lemperature.  If  the  lover  layers  could  be  heated  to  a  bigbar 
tempersture,  the  eSeetof  depth  would  become  apparent. 
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facts — obaeryed  by  Camngton,  Secchi,  and  others — 
showing  that  the  motions  of  the  spots  across  the  solar 
disc  are  really  affected,  as  respects  apparent  rate,  by 
the  refractive  power  of  the  solar  atmosphere.  And  it  is 
impossible  to  doubt  that  if  the  apparent  place  of  a  spot 
can  be  affected  in  this  way,  then  the  solar  regions 
beyond  that  hemisphere  which  is  turned  towards  us  at 
the  moment,  must  be  brought  mto  view  and  form  the 
real  limits  of  the  solar  disc.* 

I  am  sensible  that  I  am  not  making  definite  state- 
ments as  to  the  Sun's  contUtion,  but  only  stating  diffi- 
culties. The  difficulties  are  real,  however,  not  imagi- 
nary, and  ignoring  them  can  serve  do  useful  purpose. 

When  we  turn  to  the  details  of  the  solar  orb 
and  its  surroundings,  we  find  the  evidence  slightly 
more  definite;  but  still  great  difficulties  surround  us. 
In  the  course  of  the  several  chapters  hearing  on  these 
matters  nearly  all  the  known  facta  which  bear  directly  on 
the  views  we  are  to  form  respecting  the  Sun's  physical 
constitution  have  been  discussed  as  they  have  been 
described,  so  that  but  few  words  about  the  several  solar 
features  are  here  called  for. 

Taking  the  actual  telescopic  aspect  of  the  solar  spots 

■  This  TfaWy  &moiinta  to  aajiDg  that  the  Earth,  if  viewed  from  the 
8o1ar  photosphere,  would  be  Tisible  above  the  solar  horizon  (as  our 
Him  is  after  real  soawt  and  befors  ivhI  Bimriae)  when,  the  geometrical 
line  to  ber  passed  below  that  homon,  Wc  cannot  doubt  that  the  solar 
atmosphere  would  exert  this  re&actjve  effect  at  least  as  powerfnlly 
as  our  own ;  snd  if  the  Earth  could  be  seeo  in  this  wa;  from  pans  of 
the  Sun  really  turned  away  from  har,  then  certaioly  Ulose  p&rta  of  the 
Son  muat  be  viaible  from  the  Earth ;  for  a  visual  ny  pasaes  along  Iha 
same  palb  dvm  whichevor  of  its  aztremities  we  suppose  it  to  tiavsU 


og\c 


39°  TEE  SUN. 

and  th^r  sarroutkdings,  a  perplexing  eeries  of  problems 
is  suggested.  These  problems  are  indeed  so  perplexing 
as  abimdantly  to  justify  the  disagreement  hitherto 
found  among  theorisere.  Admitting  the  spots  to  be 
depressions,  what  is  the  real  disposition  of  the  matter 
which  produces  the  appearances  we  call  facule — penum- 
bra— umbra — ^nucleus?  The  penumbra  may  belong 
to  a  lower  layer;  bnt  the  general  arrangement  accord- 
ing to  which  the  willow-leavea  on  the  penumbra  point 
inwards  towards  the  umbra  seems  to  indicate  a  real 
connection  between  the  penumbra  and  the  faculous 
bordering.  This  arrangement  is  indeed  somedmes  so 
marked  that  one  is  led  to  imagine  that  the  so-called 
willow-Jeaves  are  filamentous  bodies  which  usuidly 
bang  in  a  nearly  vertical  position  and  so  appear  nearly 
round,  but  when  thrust  aside  during  the  formation  of 
a  spot  hang  nearly  horizontally,  tlie  ends  which  had 
been  lowest  floating  like  streameis  towards  the  r^ion 
whence  they  had  been  removed.  If  we  could  but  con- 
ceal from  ourselves  a  large  portion  of  the  evidence  we 
have  (or  else  explun  it  away)  this  view  might  be 
insisted  upon  with  pleasing  confidence ;  but  as  a  matter 
of  fact  it  merely  serves  to  indicate  the  impression 
produced  by  certain  phenomena,  and  has  at  present 
no  value  whatever.* 

A  great  difficulty  lies  in  tlie  fact  that  we  have  no 

*  Lsat  I  alionld  htm  be  aapposed  to  1>«  too  curtly  criticiHOg  the  views 
of  DtheTB,  let  me  luwleD  to  taj  that  the  ttntj  thna  aammuily  KJected  is 
mj  own,  aod,  *o  for  M  I  know,  ta  (aipxal  w  it  U  piolwbly  valMleu. 
Yet  I  have  not  iatrodncad  it  without  &  purpose.  There  it  st  Isut  u 
mach  evidauce  in  iti  forour  as  in  favour  of  m&cj  theorica  wiiich  hare 
b««n  very  confldeDtly  pnt  forward. 
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clear  eridence  to  show  whether  Uie  Sun-apotB  are 
fonned  hy  forces  acting  from  without  or  from  within. 
Here  I  set  on  one  side  the  theory  that  ia  a  spot  we  see 
a  r^on  where  a  great  heat  has  dissolved  solid  or 
liquid  or  cloudlike  matter  forming  the  photosphere,  and 
that  thus  the  intensely  hot,  but  feebly  radiating  gaseous 
nucleus  of  the  Sun  (according  to  this  theory)  is  dis- 
closed. Kirchhoff  has  fairly  disposed  of  this  theory 
by  showing  that  this  intensely  hot  nucleus  would  be 
transparent  to  the  light  from  the  farther  side  of  the 
Sun,  and  that  therefore  no  spot  could  appear  un- 
less two  openings  on  opposite  sides  of  the  Sun 
happened  to  be  in  the  same  visual  direction.*  I 
refer  now,  not  to  this  or  similar  theories,  but  to  the 
definite  problem,  whether  the  seat  of  that  action  which 
leads  to  the  formation  of  a  spot  lies  below  or  above 
the  level  of  the  photosphere.  The  spectroscope  shows 
that  a  spot  is  a  region  where  certain  gases  exist  at  a 
lower  temperature  than  in  other  parts  of  the  Sun. 
But  whether  this  low  temperature  results  from  Uie 
expansion  of  compressed  gas  erupted  from  the  Sun,  or 
from  the  fact  that  matter  has  reached  the  Sun  from 
outer  space,  remains  as  yet  altogether  unknown. 

*  Pr.  Seccbi  vaa  the  origiatil  praponadpr  of  this  theory  (not  U. 
F«je,  to  whom  it  it  luuallj  Baoibed).  The  theory  reallj  does  seconnt 
for  111&D7  ohserred  features  Of  the  BoUr  apots,  but  ic  is  nose  the  lesa 
UDtenablc.  Fi.  Secchi'a  answer  to  Kirchboff'E  objection  would  seem  to 
indicate  thiU.  he  bw  not  rscogniaedtheeiMCtfoieeof  that  objection.  He 
MjB  it  ii  not  true  th«t  a  gaseoo*  Docleas  would  be  perfectly  tninapa- 
rent  to  layi  fhim  the  further  side  of  the  Sun,  for  we  eee  that  our  own 
atmosphere  absorbs  light  at  well  u  beat  Kiccbho&*B  argument  is  thut 
the  solar  nucleus  woiJd  be  ti&naparent  on  account  of  its  existing  at  a 
higher  temperature  than  the  ptioCospheie — according  to  the  tbeoi;  at 
'wt  which  he  deali  with. 
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Again,  as  to  tlie  promiDences,  it  aeema  to  be  demon- 
strated that  they  are  due  to  some  form  of  erajition 
and  only  asEume  the  cloud  form  after  the  eruption 
which  gave  them  birth  has  ceased.  But  what  are  the 
circumstances  which  give  birth  to  these  eruptions, 
what  the  nature  of  the  layer  (Zollner's  'Trennung- 
BcHcht ')  beneath  which  the  eruptive  action  is  prepared, 
and  what  the  actual  depth  whence  the  erupted  matter 
springs,  we  have  very  little  to  show. 

And  lastly,  as  to  the  corona  and  the  general  rela- 
tions involved  in  the  access  of  external  matter  fr»m 
the  interplanetary  and  intersidereal  spaces  to  ihe 
neighbourhood  of  the  Sun's  globe,  we  have,  I  appre- 
hend, small  means  of  forming  an  opinion.  The  con- 
dition, indeed,  of  the  space  which  lies  immediately 
around  the  Sun  is  very  little  understood  by  us.  It 
may  be  that  in  the  study  of  tJie  corona  during  total 
eclipses  we  may  find  a  means  of  answering  the  many 
perplexing  questions  associated  with  this  matter.  It 
may  even  be  that  new  appliances  may  enable  us  to 
study  the  corona  when  Uie  Sun  is  not  eclipsed,  and  so 
to  learn  whether  systematic  processes  affecting  the 
Sun's  economy  are  at  work  in  the  region  immediately 
surrounding  him.  At  present  our  information  on  this 
subject  is  meagre  in  the  extreme ;  and  our  means  for 
acquiring  information  are  far  &om  promising.  Here, 
as  in  so  many  matters  related  to  the  physical  constitu- 
tion of  the  Sun,  we  must  perforce  wait  until  our 
experimental  knowledge  and  our  instrumental  means 
have  been  very  largely  increased. 
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CHAPTER  VIII. 

THE  am  OUS  FIRE,  LIGHT,  AND  LIFE. 

Few  of  the  reaalta  of  modem  scientific  reaearcli  are 
more  remarkable  than  the  recognition  of  the  real  ex- 
tent of  the  influence  which  the  Sun  exerts  upon  the 
Karth.  Of  old  the  Sun's  power  as  ruler  over  the  sea- 
sons, hie  action  upon  Tegetation,  and  other  like  in- 
fluences, were  recognised  in  a  T^ue  and  general  way. 
But  men  were  far  from  residing  the  Sun  as  the  true 
source  of  many  forms  of  force  which  seem  almost 
equally  important.  Still  leas  were  they  prepared  to 
trace  bis  influence  in  nearly  every  kind  of  action  or 
mode  of  motion  taking  place  upon  our  globe.  It  is 
the  most  striking  feature  of  recent  scientific  research 
that  it  has  taught  us  to  see  in  nearly  all  terrestrial 
phenomena  the  action  of  a  certain  proportion  of  Sun- 
force. 

We  owe  to  the  greatest  astronomer  of  our  time — 
Sir  John  Herschel — the  first  definite  enunciation  of 
this  great  principle.  '  The  Sun's  rays,'  he  wrote  in 
1833, '  are  the  ultimate  source  of  almost  every  motion 
which  takes  place  on  the  surface  of  the  Earth.  By  its 
heat  are  produced  all  winds,  and  those  disturbances  in 
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the  electric  equilibrium  of  the  atmosphere  which  give 
rise  to  the  phenomena  of  lightning,  and  probably  also 
to  terrestrial  action  and  the  aurora.  By  their  Tivify- 
ing  action  vegetables  are  enabled  to  draw  support  from 
inorganic  matter,  and  become  in  thdr  turn  the  support 
of  animaU  and  man,  and  the  source  of  those  great 
deposits  of  dynamical  efficiency  which  are  laid  op  for 
human  use  in  our  coal  strata.  By  them  the  waters 
of  the  sea  are  made  to  circulate  in  vapour  throngh 
the  air,  and  irrigate  the  land,  producing  springs  and 
rivers.  By  them  are  produced  all  disturbances  of  the 
chemical  equilibrium  of  the  elementB  of  nature,  which 
by  a  series  of  compositions  and  decompositJonB  give 
rise  to  new  products,  and  originate  a  transfer  of  mate- 
rials. Even  the  slow  degradation  of  the  solid  consti- 
tuents of  the  surface,  in  which  its  chief  geological 
change  consists,  is  almost  entirely  due — on  the  one 
hand  to  the  abrasion  of  wind  or  nun  and  the  altematioa 
of  heat  and  frost,  on  the  other  to  the  continual  beating 
of  sea-waves  i^tated  by  winds,  the  results  of  eolar 
radiation.  Tidal  action  (itself  partiy  due  to' the  Sun's 
agency)  exercises  here  a  comparatively  slight  influence. 
The  effect  of  oceanic  currents  (mainly  originating  in 
that  influence),  though  slight  in  abrasion,  is  powerful 
in  difiiising  and  transporting  the  matter  abraded ;  and 
when  we  consider  the  immense  transfer  of  matter  so 
produced,  the  increase  of  pressure  over  large  spaces  in 
the  bed  of  the  ocean,  and  diminution  over  correspond- 
ing portions  of  the  land,  we  are  not  at  a  loss  to  perceive 
how  the    elastic   force  of  subterranean    fires,    thaa 
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repressed  on  the  ODe  hand  and  released  on  the  other, 
ma;  break  forth  in  poiDte  where  the  resistance  is  harely 
adequate  to  their  retention,  and  thus  bring  the  phe- 
nomena of  even  volcanic  activity  onder  the  general 
law  of  Bolar  influence.' 

Since  this  was  written  men  of  science  have  learned 
to  enounce  the  complete  law  of  the  '  conserTation  of 
solar  enetgy,'  as  applied  to  the  oif^ic  and  ino^anic 
world.  That  which  was  pat  forward  in  a  general  way 
by  Sir  John  Heischel  has  been  made  the  subject  of 
special  scrutiny.  We  have  learned  how  to  weigh  and 
measure  the  Sun's  action  and  the  furce-suppliee  which 
we  derive  from  it. 

Let  us  take  first  the  supply  of  heat  the  Earth  derives 
from  the  Sun.  We  shall  have  much  to  excite  our 
wonder,  whether  we  regard  the  real  vastness  or  the 
relative  minuteness  of  this  supply. 

From  the  researches  of  Sir  John  Herschel  it  appears 
that  the  direct  heat  of  the  Sunjif '  received  on  a  surface 
capable  of  absorbing  it  and  retaining  it,  would  suffice 
to  melt  an  inch  of  ice  in  thickness  in  2h.  13m. ; '  and 
he  thence  calculates  that  no  less  than  26,000  tons  of 
ice  would  be  melted  per  hour  by  the  heat  actually 
thrown  on  a  square  mile  exposed  at  noon  under  the 
equator.  This  amount  must  be  multipHed  fifty  million 
times  to  correspond  to  the  heat  actually  received  by 
the  Earth's  globe  during  a  single  hour,  Pouillet  ob- 
tained results  not  differing  very  greatly  from  these. 
He  calculated  that  an  interval  somewhat  greater  than 
2h,    13m.  would  be    re<iuired    to  melt  a  layer  of 


D,Q,t,7=^-i>,  Google 


396  TSE  SUX. 

ice  one  inch  thick.*  Expressing  his  result  according 
to  a  somewhat  different  method,  he  states,  again,  that 
if  the  Sun's  heat  were  distributed  uniformly  over  the 
Earth's  surface '  it  would  in  one  year  suffice  to  liquefy  a 
layer  of  ice  100  feet  thick,  or  to  heat  an  ocean  of  Iresh 
water  sixty-six  miles  deep  from  the  temperature  of 
melting  ice  to  the  boiling  point.' 

Yet  this  enormous  annual  supply  of  heat  is  but  the 
l-2,138,000,000th  t  part  of  that  which  the  Sun  actually 
radiates  into  space  in  the  course  of  a  year.  All  the 
planets  of  the  solar  system  are  able  to  intercept  but 
about  the  227-millionth  part  of  the  heat  actually  emitted 
by  the  Sun.  There  is  a  fine  pass^e  in  Herschel's '  Out- 
lines of  Astronomy '  which  shows  how  enormous  is  tlie 
amount  of  heat  deduced  by  increafing  in  the  ratio  above 
indicated  the  supply  of  heat  actually  received  from  the 
Sun  by  the  Earth : — '  Supposing  a  cylinder  of  ice  forty- 
five  miles  in  diameter  to  be  continually  darted  iuto  the 
Sun  with  the  vehcity  of  light,  the  heat  now  given  off 
constantly  by  radiation  would  then  be  wholly  expended 

*  The  actnal  relation  Vtwran  Pouillst'g  and  Hersehera  nnnlts  ma; 
be  thuB  expressed.  Sir  Jolin  Hersrhal  deduced  43'39  feet  as  tbe  chifk- 
neaa  of  ica  whicb  tbe  Snu  ie  capable  of  melting  per  mitiut«,  supposiog 
the  ice  continually  applied  to  the  Son's  aarfkce  (and  the  vater  pra- 
dncedby  its  fusion  continnallj  carried  off),  Pouillet  deduced  3S'7  feet  per 
second.  Sir  Johu  Herechel  ujs  that  40  feet  ma;  be  regaided  as  a  pro- 
bable meaa.  (It  will  be  noIJced  thut,  with,  {characteristic  modeet;  and 
generosity,  he  places  tJie  mw.n  much  nearer  to  Poaillet's  Talae  than  to 
his  own.) 

t  It  isBiagularhowpBrBialeiiUytheQamber  S,3I)0,0<JO,000,  calcalatnl 
by  Mayer,  maintwuE  its  ground  in  scientilic  treatises.  This  Dumber 
iras  correctly  dedoced  from  the  old  Tslne  of  the  Son's  distance.  But 
the  above  ia  the  true  value,  according  to  the  best  modem  eelimatcB  of 
tbe  soloi  paraxial. 
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in  its  liquefaction  on  the  one  hand,  while  on  the  other 
the  actual  temperature  at  the  Sun's  surface  would 
undergo  no  diminution.' 

The  luminosity  of  the  Sun's  surface  is  more  readily 
estimated  than  the  heat,  duce  the  intrindc  brilliancy  of 
a  self-luminoug  substance  is  in  no  way  affected  by 
distance ;  and  we  hare  only  to  take  into  account  the 
effect  which  our  own  atmosphere  may  hare  in  diminish- 
ing the  apparent  brightness  of  the  Sun  in  order  to  form 
an  accurate  estimate  of  the  intrinsic  brilliancy  of  the 
Sun's  light.  Comparisons  have  been  instituted  directly 
between  the  light  of  the  Sun  and  that  of  known 
terrestrial  lights.  It  has  been  found  that  the  most 
intense  light  we  can  produce  appears  absolutely  black 
by  comparison  with  the  brightness  of  the  solar  orb. 
It  has  been  estimated  that  the  intrinsic  brilliancy  of  the 
Sun's  surface  exceeds  more  than  146  times  the  bril- 
liancy of  the  lime-light,  and  32,700  times  that  of  a  sperm 
candle.  In  order  to  conceive  the  real  amount  of 
light  to  which  a  body  close  by  the  Sun — within  a  foot, 
say,  of  the  photosphere — would  be  exposed,  we  must 
conceive  the  amount  of  light  we  receive  in  the  full 
splendour  of  a  summer's  day  increased  in  the  same 
proportion  that  the  whole  hemisphere  of  sky  exceeds  the 
solar  disc, — besides,  of  course,  a  further  addition  corre- 
sponding to  the  proportion  in  which  the  brilliancy  of 
the  solar  disc,  if  viewed  without  the  interposition  of 
any  atmosphere,  would  exceed  the  actual  brilliancy 
observed  on  a  summer  day. 

Of  the  chemical  activity  of  the  solar  rays,  it  is  not  in 
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OUT  power  to  speak  vith  bo  mucli  confidence,  once  we 
have  not  as  yet  measured  the  Sun's  power  in  this  respect 
in  a  way  which  enables  us  to  pronounce  on  its  real 
extent.  We  can  compare  the  iuteaedty  of  the  Sun's 
chemical  action  with  that  of  terrestrial  lights ;  but  we 
have  not  yet  found  a  means  of  determining  its  value 
as  compared  with  those  forces  which  the  chemist  more 
ordinarily  employs  to  produce  chemical  changes. 

It  is  worthy  of  notice,  as  respects  the  last  two  forms 
of  solar  activity,  how  large  a  share  of  the  force  we 
derive  from  the  Sun  la  obtained  through  their  action. 
This  will  be  apparent  when  we  remember  the  impor- 
tant bearing  of  the  proccBses  of  vegetation  on  the 
wants  of  the  human  race.  '  T^ature,*  says  Mayer, 
*  has  proposed  to  herself  the  task  of  storing  up  the 
light  which  streams  earthward  from  the  Sun — of  con- 
verting the  moat  volatile  of  all  powers  into  a  rigid 
form,  and  thus  preserving  it  for  her  purposes.  To  this 
end  she  has  overspread  the  Earth  with  oiganisms, 
which,  living,  take  into  them  the  solar  light,  and  hj 
the  consmnpUon  of  its  energy  incessantly  generate 
chemical  forces.  These  organisms  are  planti.  The 
vegetable  world  conatitutet  the  retervoir  in  which  the 
fugitive  solar  rays  are  fixed,  tuitably  deposited,  and 
rendered  ready  for  useful  application.  With  this 
process  the  existence  of  the  human  race  is  inseparably 
connected. 

And  even  if  we  regard  the  effect  of  the  Sun's  heat  as 
exerted  upon  the  oceans  and  continents  of  our  globe,  we 
find  that  a  large  proportion  of  that  which  is  eventually 
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utiliaed  by  mas,  in  one  way  or  another,  ia  first  made 
sabservieDt  to  the  processes  of  vegetation.  When  the 
Sun's  rays  are  poured  down  upon  the  ocean,  ot  on 
parts  of  the  Earth's  surface  in  which  water  is  abundant, 
the  heat  raises  into  the  atmosphere  large  quantities  of 
aqueous  vapour.  And  this  vapour,  rising  by  reason 
of  its  extreme  lightness,  reaches  eventually  a  region 
where  it  is  condensed  into  clouds.  Again,  the  heat  of 
the  Sun  producing  various  effects,  according  to  the 
nature  of  the  regions  on  which  it  falls,  gives  rise  to 
those  differences  of  temperature  which  result  in  the 
generation  oiwindt.  By  the  agency  of  winds  the  clouds 
are  transferred  from  the  place  of  their  formation  to 
regions  which  require  to  he  nourished  by  copious 
showers.  And  thus  winds  and  clouds  combine  to  support 
vegetation.  The  winds  convey  the  clouds  fiom  place 
to  place,  and  the  clouds  themselves,  in  the  expressive 
language  of  Scripture, '  drop  fatness  on  the  earth.' 

It  is  worthy  of  notice,  too,  that  besides  the  action 
of  the  Sun  in  supporting  vegetation  at  the  present 
time,  it  was  the  same  form  of  action  exerted  in  long- 
past  ages  which  resulted  in  storing  up  for  our  use 
those  vast  supplies  of  energy  which  are  contiuned 
within  our  coal-mines.  In  other  words,  what  may  be 
called  our  force-principal  is  as  fully  due  to  the  Sun's 
action  (direct  or  indirect)  in  promoting  vegetation  as 
tha,t  force-interest  which  we  derive  each  year  from  the 
Sun's  seasonal  action. 

And  here  I  may  be  permitted  to  dwell  on  consider- 
ations which,  though  bearing  rather  on  the  economy 
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of  our  Earth  than  od  the  general  subject  of  Bolar 
physics,  yet  illustrate  in  a  significant  manner  the  work 
which  the  Sun  has  heen  appointed  to  do.  I  may 
premise,  indeed,  that  we  have  no  means  of  determining 
what  the  Sun's  influence  on  the  other  planets  may  be, 
however  clear  it  may  appear  to  us  that  we  are  not  the 
only,  nor  even  the  chief,  recipients  of  those  stores  of 
force  he  lavishes  so  abundantly.  It  is  on  this  account 
that  while  I  give  to  this  treatise  a  title  indicating  the 
Sun's  position  in  the  solar  system,  I  deal  only  in  this 
chapter — the  sole  one  bearing  on  the  Son's  office — 
with  his  pontion  as  our  fire,  light,  and  life.  If  in  the 
CO  aside  rations  I  am  about  to  urge  the  Earth  otdy 
seems  concerned,  it  is  none  the  less  probable  that 
results  affecting  the  economy  of  the  whole  planetary 
scheme  are  in  truth  illustrated. 

We  are  accustomed  to  look  upon  the  Earth  as  an 
inexhaustible  storehouse  whence  all  our  wants  may  be 
supplied.  Year  after  year  we  till  the  soil,  and  still 
there  is  no  lack  in  the  growth  of  all  the  vegetable  pro- 
ductions needed  by  man  ;  nor  do  our  flocks  and  herds 
diminish,  notwithstanding  the  enormous  supplies  of 
flesh-meat  we  are  continually  consuming.  Taking  the 
whole  Earth,  it  is  probable  that  the  yearly  produce  of 
agricultural  and  pastoral  labours  increases  at  even  a 
higher  rate  than  that  at  which  the  human  race  is  in- 
creasing, 80  that  were  man  content,  as  in  old  times,  to 
draw  upon  the  Earth's  stores  for  the  supply  of  his 
ordinary  wants,  there  would  be  little  fear  of  that  store 
being  ever  exhausted. 
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But  of  late  a  change  has  passed  over  the  aspect  of 
the  world.  On  every  iide  a  multitude  of  new  inveD- 
tinna,  and  w!th  them  a  multitude  of  new  wapts,  ar« 
making  their  a[)pearance.  The  stores  which  had  been 
garnered  up  during  long  past  ages  of  the  Earth's 
history  are  beiog  consumed  with  a  rapidity  which  has 
already  begun  to  alarm  our  men  of  science.  It  is  true, 
indeed,  that  there  is  as  yet  little  room  fur  fearing  that 
the  terrestial  storehouse  will  sooa  be  cleared  of  its 
contents.  Even  if  the  coal-minea  of  the  world  should 
be  exhausted,  there  are  still  other  force  supplies;  and 
doubtless  the  present  rate  of  consumption  might  be 
continued,  or  even  an  increased  rate  maintained,  for  a 
period  which  seems  indefinitely  long  when  compared 
with  the  short  span  of  life  allotted  to  man. 

But,  after  all,  what  are  a  thousand  years,  or  even 
several  thoosand  years,  when  viewed  with  reference  to 
the  history  of  the  globe  on  which  we  live?  If  it  couM 
be  shown  that  within  two  or  three  thousand  years  man 
wilt  have  exhausted  all  the  stores  of  force  which 
exist  within  the  Earth,  it  surely  might  be  urged  with 
fiumess  that  the  present  rate  of  consumption  is  unduly  • 
— selfishly  great ;  that  the  wants  of  future  races  should 
be  considered,  and  that  a  check  should  be  put  upon 
those  processes  of  over-rapid  advance  on  which  we  are  in 
the  habit  of  priding  ourselves.  Precisely  as  we  should 
hold  it  to  be  blameworthy  that  a  rich  man  should 
use,  merely  for  purposes  of  luxury  or  convenience, 
that  which  could  be  shown  to  be  absolutely  essential  to 
the  existence  of  a  large  number  of  his  fellow-men,  so 
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it  might  &irly  be  held  t»  be  wrong  for  the  present  in- 
hftbitants  of  the  Earth  to  exhaust,  in  contrivances 
intended  to  add  to  the  luxuries  or  conveniences  of  life, 
those  stores  which  are  absolutely  necessary  to  the  well- 
being  of  future  races. 

In  dealing,  for  example,  with  the  question  of  terres- 
trial coal  supplies,  it  will  not  suffice  to  point  out  that 
for  a  thousand  or  several  thousand  years  they  may  be 
drawn  upon  as  at  present,  or  even  more  largely,  with- 
out exhaustion.  The  thousand  or  thousands  of  yean 
will  pass  as  surely  aa  those  which  have  already  passed, 
and  the  wants  entailed  by  our  wastefulness  will  be  felt 
none  tha  less,  that  for  so  many  years  there  had  been 
no  failure  in  the  supplies  contained  within  the  great 
terrestrial  storehouse.  What  must  be  done,  then,  is 
to  show  that  by  the  progress  of  that  very  course  of 
events  which  results  in  the  rapid  use  of  those  stores,  the 
means  wiU  spring  into  existence  of  obtaining  fresh  and 
inexhaustible  supplies.  This  is  no  idly  speculative  view, 
but  the  plain  and  obvious  duty  of  the  scientific  world. 
Precisely  as  the  superiority  of  civilised  races  over  bar- 
barous tribes  is  shown  in  nothing  more  clearly  than  in 
the  fact  that  the  former  are  not  content,  as  the  latter  are, 
merely  to  supply  the  wants  of  the  moment,  or  of  a  few 
days,  but  seek  to  make  provision,  not  only  for  future 
years,  but  for  the  wants  of  their  immediate  descendants, 
BO  it  behoves  the  leaders  of  the  great  movement  which 
during  the  last  few  years  has  so  greatly  changed  the 
aspect  of  the  human  race,  to  show  the  superiority  of 
the  nev  order  of  things  by  a  careful  proviaion  for,  and 
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anticipation  of,  the  wants  of  the  raoea  which  will  in- 
hahit  the  Earth  tHonsands  of  yesre  hence. 

Without  discussing  the  various  forms  of  work  which 
are  being  done  upon  the  Earth,  or  considering  the 
various  agents  employed  in  producing  the  motive 
power  by  which  those  forms  of  work  are  set  in  action, 
it  may  be  simply  stated  that  at  present  nearly  all  our 
motive  force  is  obtained  from  stored  Sun-force.  It 
would  be  difficult  to  point  to  a  single  work  accom- 
plished by  the  aid  of  modern  scientific  appliances 
which  has  not  resulted  in  exhausting  to  a  greater 
or  less  degree  the  force  which  the  Earth  has  been 
garnering  up  in  long-past  ages  for  our  use.  It  is  in 
this  all-important  respect  that  the  more  modem  forms 
of  machine-work  differ  from  other  forms  of  work.  I 
refer,  of  course,  to  machine  driven  by  inanimate 
motive  powers,  and  not  to  those  worked  by  the  direct 
action  of  animal  force.  The  machine  draws  upon  the 
Earth's  garnered  stores,*  while  the  living  worker 
draws  upon  the  Earth's  periodical  supplies  of  force. 
In  the  former  case,  that  is  being  used  up  which  cannot 
be  replaced ;  in  the  latter,  what  is  consumed  will  be 
restored  in  the  ordinary  course  of  nature.  In  one 
case  it  ia  our  '  force-principal,'  in  the  other  it  is  our 
*  force-income '  we  are  consuming.  The  distinction 
is  all-important. 

*  Those  appliances  in  which  BdvantsRe  ii  taken  of  the  action  of  the 
wind,  rain&ll  (riven),  tidal  action,  and  a  few  other  natnnt  protamca. 
Me  to  be  excepted.  Modecn  inTSDtion,  bowercr,  ia  but  nldom  dincted 
to  the  iitilieation  of  these  old-£uhioned  force-mpplio*. 
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This  is  not  the  place  to  enter  into  a  discnesion  of 
the  methods  by  which  the  great  problem — a  problem 
not  requirmg  immediate  solution,  but  vhich  in  the 
long  run  will  surpass  all  others  in  interest  and  impor- 
tance— is  to  be  solved.  But  I  may  indicate  what  is, 
I  take  it,  the  direction  in  which  a  solution  will  be 
found.  We  are  now  utilising  what  Pi-ofessor  Tjndal) 
calls  the  Snn  of  the  Carboniferous  Epoch :  our 
descendants  will  have  to  employ  the  Sun  of  their  own 
epoch.  The  heat  of  the  solar  rays — mayhap  also  their 
light  and  their  actinic  energy — must  one  day  be 
applied  to  work  our  machinery.  Already  men  have  felt 
the  advantage  of  thus  employing  solar  enei^.  They 
have  not,  indeed,  as  yet  applied  the  direct  action  of 
the  Sun  Bystematically  to  their  purposes.*  But  in  an 
indirect  manner  they  have  utilised  solar  energy.  The 
ships  which  sail  upon  our  seas,  the  mills  which  are 
turned  by  water  or  by  wind — these  and  many  other 
devices  of  man  have  been  contrived  to  utilise  a  portion 
of  the  Sun's  heat.  But  the  proportion  thus  utilised  Is 
almost  indefinitely  small  by  comparison  with  that 
which  is  actually  available.  It  is  only  necessary  to 
translate  some  of  the  ordinary  phenomena  of  nature 
into  tbelangu^e  of  the  familiar  forces  in  order  to  see 
that  this  is  so.  For  instance,  the  amount  of  energy 
involved  in  the  production  of  rain  is  startlingly  great 

*  EricsHJD  bu  constructed  a  mschina  id  which  the  solar  raji  Bnpplr 
the  priiD<it7  motive  force.  It  hu  nat,  howerer,  ji4  been  dranoiutntrd 
(though  I  hare  not  the  lenst  donbt  it  ynll  be  Bt  eome  future  epoch)  thai 
ihe  Bolnr  hett  cnu  be  pmplojed  in  nproSttibie — that  ii,  k  '  mechHiiicallj 
aJvantageoufl,'  manner. 
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when  compared  with  our  ordiDaiy  estimates  of  force. 
I  have  calcniated  that  the  force  expended  in  the  pro- 
duction of  a  day's  steady  rain  over  an  ar«a  equal  to 
that  of  the  county  of  Middlesex  would  be  equivalent 
to  a  mechanical  power  competent  to  raise  1,000,000,000 
tons  to  a  height  of  three  miles  [ 

Professor  Tyndall  has  put  in  a  striking  form  the 
relation  which  exists  between  the  simpler  processes  of 
nature  and  those  efTects  which  seem  to  us  the  most  ^t 
exponents  of  power.  '  I  have  seen,'  he  says,  '  the 
wild  stone-avalanches  of  the  Alps,  which  smoke  and 
thunder  down  the  declivities  with  a  vehemence  almost 
sufficient  to  stun  the  observer.  I  have  also  seen  snow- 
flakes  descending  so  softly  as  not  to  hurt  the  fragile 
spangles  of  which  they  were  composed ; — yet  to  produce 
from  aqueous  vapour  a  quantity  which  a  child  could 
carry  of  that  tender  material,  demands  an  exertion  of 
enei^y  competeut  to  gather  up  the  shattered  blocks  of 
the  largest  stone-avalanches  I  have  ever  eeen>  and 
pitch  them  to  twice  the  height  frmn  which  they  fell.' 

And  when  we  have  thus  seen  what  a  tremendous 
amount  of  energy  is  involved  in  such  processes  as  the 
formation  of  snow  or  rain  in  comparatively  small 
quantities,  we  begin  to  recognise,  though  we  are  far 
from  being  able  to  conceive,  how  enormous  is  the 
potential  enei^y  which  supplies  the  rainfall  of  the 
whole  Earth.  We  must  remember,  too,  that  a  lar^e 
amount  of  rain  falls  where  it  is  not  wanted,  and  that 
the  energy  of  the  Sun  expended  in  the  production  of 
wind  is  in  large  part  wasted.     Clouds  are  raised  by 
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evaporation  from  the  sea  surfiice  to  fall  on  another 
part  of  the  self-same  waters.  Storms  are  roused  which 
blow  with  vehemence  for  awhile,  and  then  sink  into 
rest  without  having  accomplished  any  purpose  neces- 
saiy  to  the  wants  of  terrestrial  races.  Here  at  once 
we  see  a  lai^e  amount  of  energy  not  fully  utilised.  I 
do  not  indeed  say  that  this  apparently  useless  expendi- 
ture of  force  has  no  purpose  in  the  economy  of  nature. 
Doubtless,  every  natuial  event  has  its  end  and  object. 
What  I  would  dwell  upon  is  that  if  the  energy  which 
thus  seems  wasted  could  be  made  available  to  subserve 
human  wants,  it  might  be  used  without  any  fear  that 
the  economy  of  nature  would  suffer  from  such  an  ap- 
plication of  her  energies.  Aud  if  this  is  true  of  the 
application  of  the  indirect  elFects  of  solar  energy,  it  is 
h  fortiori  true  of  the  utilisation  of  the  Sun's  i^rect 
action — that  is,  of  those  solar  rays  to  which  the  winds 
and  the  rains  are  due. 

Now,  if  we  assume  that  with  the  progress  of  science 
the  power  of  thus  employing  to  the  full — or  much  more 
fiilly  than  at  present — the  forces  which  the  Sun  really 
expends  upon  the  Earth  will  be  acquired  by  man,  we 
recognise  the  probability  that  science  viewed  generally 
is  one  of  the  means  by  which  the  efficiency  of  the  solar 
energies  is  enlarged  and  extended.  What  is  true  of 
our  Earth  may  be  regarded  as  in  all  probability  true 
of  other  worlds  than  ours.  As  on  our  Earth  so  pro- 
bably in  other  worlds  there  are  or  have  been  eras 
during  which  the  beneficent  power  given  to  our  great 
luminary  is   nsed   without  any   consdousnesB  of  its 
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value.  There  are  or  have  been  more  advanced  eras 
when  the  return  of  da^  and  night,  the  progress  of  the 
seasons,  the  nourishment  of  the  lately  sown  seed  hy 
spring  runs,  and  the  whiteuiDg  of  the  fields  into  hai'^ 
vest  under  the  summer  Sun,  are  watched  with  anxious 
interest.  Then  later  follow  the  eras  when  the  annual 
supply  of  truly  vital  energies  seems  to  become  insuffi- 
dent,  and  when  garnered  stores  of  force  are  utilised  by 
the  thoughtful  or  ransacked  by  the  too  eager.  And, 
lastly,  it  may  well  be  that  in  other  worlds,  as  one  day 
doubtless  on  our  Earth,  there  will  be  eras  when  a 
more  advanced  degree  of  science  will  enable  intelligent 
beings  to  derive  from  direct  aolar  action  the  means  of 
obtaiaing  even  larger  supplies  of  force  than  they  had 
been  able  to  gather  from  the  Sun-work  of  past  epochs 
garnered  by  nature  for  their  benefit 

The  ideas  of  the  Sun's  true  position  in  the  solar 
system  thus  suggested  lend  an  enhanced  interest  to  the 
question  whence  the  Snn  himself  derives  and  recruits 
his  energies.  As  Tyndall  has  finely  written, '  How  is 
the  perennial  loss  made  good  ?  We  are  apt  to  overlook 
the  wonderful  in  the  common.  Possibly  to  many  of  us — 
and  even  to  some  of  the  most  enlightened  among  us — 
the  Sun  appears  as  a  fire,  differing  from  our  terrestrial 
fires  only  in  the  magnitude  and  intensity  of  its  combus- 
tion. But  what  is  the  burning  matter  which  can  thus 
maintain  itself?  All  that  we  know  of  ooemical  phe- 
nomena declares  our  brotherhood  with  the  Sun — affirms 
that  the  same  constituents  enter  into  the  compositioa 
of  his  mass  as  those  already  known  to  chemistry.    But 
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.10  earthly  sabstance  with  which  we  are  acquiunted — 
no  iubstaiice  which  the  fall  of  meteors  has  landed  on 
the  Garth — would  be  at  all  competent  to  maintiun  the 
Siin'a  combustion.  The  chemical  energy  of  such 
nubstancea  would  be  too  weak,  and  their  dissipation  too 
speedy.  Were  the  Sun  a  block  of  burning  coal,  and 
were  it  supplied  with  oxygen  sufficient  for  the  ofaserred 
emission,  it  would  be  utterly  consumed  in  5,000  years. 
On  the  other  hand,  to  imagine  it  a  body  originally 
endowed  with  a  store  of  heat—  a  hot  globe  now  cooling 
— necessitates  the  ascription  to  it  of  qualities  wholly 
different  from  those  possessed  by  terrestrial  matter. 
If  we  knew  the  specifio  heat  of  the  Sun  *  we  could 
calculate  its  mte  of  cooling.  Assumiog  the  spe<nfic 
heat  to  be  the  same  as  that  of  water — the  terrestrt^ 
substance  which  possesses  the  highest  specific  heat — 
then,  at  its  present  rate  of  einiB8ion,the  entire  ntuas  of  the 
Sun  would  cool  down  15,000  degrees  in  5,000  years.  In 
short,  if  the  Sun  be  formed  of  matter  like  our  own,  some 
means  must  exist  of  restoring  to  it  its  wasted  power.' 

We  have  not  as  yet  the  means  of  satisfactorily 
answering  the  question  thus  suggested.     Answerahaie 

•  The  iibaoliitr  qnanlitj  of  he»t  nere»g»ry  lo  r»iw  fho  arnsgr  Wm- 
pvntDre  of  ths  Sun  bj  auj  given  imoanc— nj  one  J^rer,  kii J  thnv- 
fon  ibe  vbaiiltile  qoHstitj  of  h»kt  whicli  corretpiMidB  to  the  Ion  af  ttj 
onp  dtgTM  of  ti-mperaturB  from  the  ATerage  temperature  of  the  Son — 
inll  depend  Ml  the  [ihf  eical  eoBstitution  of  the  Sud.  To  tay  mcrel  j  that 
the  SuD't  anbttance  eutisiita  at  mch  Hud  much  a  tempemtun,  ta  hj  no 
mpani  niffliHeDt  to  indicnte  the  amounl  of  heat  vhich  the  Sun  is  capable 
nf  imparting.  A  mats  of  iron,  for  example,  maj  be  at  a  tfmperaliin  pra- 
ciiely  eqnalltng  that  of  aa  rqnnl  Tnins  of  boiliog  iraler ;  jet  the  boiling 
water  Till  gire  out  br  more  heat  vhi'a  puaing  to  any  pT«n  htvac  too- 
]ict«liire  rhin  the  heated  iron  will. 
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been  suggested,  but  no  answer  bus  yet  seemed  bo 
satiefactory  that  men  could  regard  the  problem  as  dis- 
posed of.  Indeed '  the  fact«  are  bo  extraordinary,'  as 
Tyodall  has  said,  '  that  the  soberest  hypothesis  must 
appear  wild.'  Whether  we  conceive,  with  Mayer  and 
ThotuBon,  that  the  Sun's  heat  ib  maintained  by  the 
inceesQDt  downfall  of  coamical  bodies  gathered  out  of 
space  by  the  Sun's  mighty  attractive  energies;  or 
whether  we  follow  Helmholtz  in  Bupposing  that  the 
gradual  contraction  of  the  solar  orb  is  the  mainspring 
of  the  solar  energies ;  or  whether  we  belieTe,  with  Secchi, 
that  the  dissociation  of  compound  bodies  in  the  Sun's 
substance  is  a  fund  of  force  to  be  gradually  exhausted 
only  as  the  disBociated  elements  unite  in  chemical  com- 
binations ;  or,  lastly,  whether  we  prefer  the  idea  thrown 
out  by  Sir  John  Herschel  that  mayhap  the  vital 
ener^es  of  monstrous  creatures — the  willow-leaveB  of 
Nnsmyth—are  the  trae  source  of  the  great  luminary's 
might,  we  have  not  overpassed  by  a  step  the  amazing 
field  of  conjecture  appertaining  to  our  subject.  Startling 
as  these  theories  appear,  they  are  not  a  whit  more  stai^ 
ling  than  the  known  facts  which  they  are  intended  to 
interpret. 

I  have  no  wish  to  enter  here  into  a  detailed  con- 
sideration of  any  of  the  theories  above  referred  to; 
but  I  wish  to  make  a  few  remarks  tespecting  those  of 
Helmholtz  and  Thomson. 

When  we  consider  the  evidence  forced  upon  us  by 
the  present  condition  of  the  solar  system,  and  by  the 
nature  of  the  observed  motions  taking  [dace  within  it. 
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we  find  it  difficult  not  to  believe  that  two  great  pro- 
cesses have  for  uncoanted  ogee  been  at  work  within  its 
limits.  On  the  one  hand,  die  evidence  is  very  strong 
in  favour  of  the  view  that  a  process  of  contraction  frtma 
a  nebulous  condition  has  taken  place  not  only  in  the 
case  of  the  Sun,  but  in  that  of  the  planets  and  other 
members  of  the  eolar  system.  On  tbe  other  hand,  the 
evidence  is  absolutely  demonstrative  that  at  the  present 
time  uncounted  millions  of  minute  cosmical  bodies  are 
streaming  in  upon  the  Run.  We  have,  then,  clear 
evidence  that  at  least  some  portion  of  the  Sun's  energy 
is  derived  in  each  of  the  two  methods  now  dealt  with. 
We  can  hardly  conceive  that  the  process  of  solar  con- 
traction has  come  to  an  end ;  and  certainly  we  have 
no  proof  in  the  apparent  constancy  of  the  Sun's  volume 
that  the  process  has  ceased,  since  Helmholtz  has  shown 
'that  the  shrinking  of  the  Sun's  diameter  by  one- 
10,000th  part  of  its  present  length  would  generate  an 
amount  of  heat  competent  to  cover  the  solar  emission 
for  2,000  years,'  Nor  can  we  question  tliat  whatever 
energy  may  correspond  to  the  velocity,  mass,  and 
distance  of  a  meteoric  body  at  any  epoch  must  have 
been  transferred  to  the  Sun  if  at  some  later  epoch  the 
mass  of  the  meteor  has  come  (afler  whatever  processes) 
to  form  part  of  the  solar  globe.  Now,  without  com- 
mitting myself  to  the  opinion  that  the  whole  solar 
emission  can  be  accounted  for  by  combining  these  two 
causes,  I  must  yet  express  the  conviction  that  to  forget 
the  reality  of  these  causes,  their  competence  to  account 
for  some  aliquot  portion  (let  its  amount  be  what  it  may) 
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of  the  Bolar  energies,  would  be  a  mistake.  Nor  c&n  I 
see  an^  valid  reasons  for  aBserting  positively  that  tbe 
two  causes  combined  may  not  account  for  a  yerj  large 
proportion  of  the  Sun's  activity.  The  irregular  and 
perhaps  intermittent  supply  of  meteoric  matter  aifords 
doiibtlesH  but  an  insufficient  explanation  of  the  Sun's 
copious  and  steady  emission  of  heat ;  but  the  process 
of  contraction  would  act  the  combined  part  of  a 
'  governor  *  and  an  independent  source  of  heat. 
Checked  during  the  arrival  of  large  meteoric  supplies, 
and  proceeding  more  rapidly  when  those  supplies  were 
temporarily  diminished,  it  would  account  for  that  ob- 
served steadiness  of  emission  which  forms  bo  important 
a  characteristic  of  solar  action. 

I  feel  that  I  cannot  bring  this  chapter  more  aptly 
to  a  conclusion  than  by  quoting  that  noble  passage  in 
which  Tyndall  closes  bis  discussion  of  the  same 
subject; — 'Presented  rightly  to  the  mind,'  he  says, 
'  the  discoveries  and  generalisations  of  modem  science 
constitute  a  poem  more  sublime  than  has  ever  yet 
been  addressed  to  the  imagination.  The  natural 
philosopher  of  to-day  may  dwell  amid  conceptions 
which  beggar  those  of  Milton.  So  great  and  grand 
are  they,  that  in  the  contemplation  of  them  a  certain 
force  of  character  is  requisite  to  preserve  na  from 
bewilderment.  Look  at  the  integi-ated  energies  of  our 
world, — the  stored  power  of  our  coal-fields,  our  winds, 
and  rivers;  our  fleets,  armies,  and  guns.  What  are 
they  ?  They  are  all  generated  by  a  portion  of  the 
Sun's   energy  which   does   not   amount  to   the   two- 
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millioDth  of  the  whole.  This  is  the  entire  fraction  of 
the  Sun's  force  intercepted  by  the  Earth,  and  we  con- 
vert but  a  small  fraction  of  this  fraction  into  mechanical 
energy.  Multiplying  all  our  powers  by  miilionB  of 
millions,  we  do  not  reach  the  Sun's  expenditure.  And 
still,  notwithstanding  this  enormous  drain  in  the  lapse 
of  human  history,  we  ore  unable  to  detect  a  diminution 
of  hie  store.  Measured  by  our  largest  terrestrial 
standards,  snch  a  reservoir  of  power  is  infinite ;  hut  it 
is  our  privilege  to  rise  above  these  standards,  and  to 
regard  the  Sun  himself  as  a  speck  in  infinite  extension 
— a  mere  drop  in  the  universal  sea.  We  analyse  the 
s|wce  in  which  he  is  immersed  and  which  is  the  vehicle 
of  his  power.  We  pass  to  other  systems  and  other 
suns,  each  -  pouring  forth  energy  like  our  own,  but 
still  without  infringement  of  the  law  which  reveals 
inunutability  in  the  midst  of  change,  which  recognisea 
incessant  transference  or  conversion,  but  neither  final 
gain  nor  loss.  The  law  generalises  the  aphorism  of 
Solomon,  that '  there  is  nothing  new  under  the  Sun,'  bj 
teaching  us  to  detect  everywhere,  under  its  infinite 
variety  of  appearances,  the  same  primeval  force.  To 
Nature  nothing  can  be  added;  from  N^ature  nothing 
can  be  taken  away  ;  the  sum  of  her  energies  is  coo- 
stant,  and  the  utmost  man  can  do  in  the  pursuit  of 
physical  truth,  or  in  the  applications  of  physical 
knowledge,  is  to  shift  the  constituents  of  the  never- 
varying  totaL  The  law  of  conservation  rigidly 
excludes  both  creation  and  annihilation.  Waves  may 
change  to  ripples  and  ripples  to  waves — magnitude 
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may  1>e  subatitutcd  for  Dumber  end  number  for  m^- 
nitude — asteroids  may  a^regate  to  suns,  suns  may 
resolve  themselves  into  fioric  and  faunie,  and  flone  an<I 
faunsc  melt  in  air — the  flux  of  power  is  eternally  the 
same.  It  rolle  in  music  through  the  ages,  and  all  terres- 
trisl  energy — the  manifestations  of  life,  as  well  as  the ' 
display  of  phenomena — are  but  modulations  of  itx 
rhythm.' 
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CHAPTER  IX. 

TEE  SVS  AilOKG  SIS  PEEB3, 

We  have  hitherto  regarded  the  Sud  with  reference  to 
his  posittoD  in  the  Eolar  ejatem — as  ruler,  fire,  light, 
and  life  of  that  wonderful  scheme  whoee  real  muni- 
ficence and  complexity  has  but  receotly  begun  to  be 
recognised  by  astronomers.  We  have  now — but  very 
briefly,  for  already  the  space  allotted  to  our  subject 
has  been  exceeded— to  consider  him  as  a  member  of 
the  sidereal  system.  What  he  is  to  the  scheme  of  de- 
pendent worlds  we  hare  seen ;  it  remains  that  we  should 
endeavour  to  form  some  conception  of  his  position  among 
his  peers.  We  have  to  contemplate  him  as  a  Sun  among 
many  suns,  exerting  an  inSuence  indeed  over  his  fellov 
orbs,  but,  swayed  in  like  sort  by  their  attractions,  stall 
surrounded — as  when  we  considered  him  with  reference 
to  the  solar  system — by  orbs  travelling  with  enormous 
velocity,  but  no  longer  at  rest,  or  almost  at  rest,  amidst 
a  scheme  of  moving  worlds.  We  are  to  eee  him  taking 
part  in  a  scheme  of  movement  too  wondroualy  com- 
plicated to  be  as  yet  interpreted  by  astronomers. 

We  must  not  pause  here  to  consider  the  processes — 
interesting  though  their  history  may  be — by  which 
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aatrotiomers  have  been  enabled  to  determine  the 
distances  of  certain  stars,  and  so  to  form  a  general 
estimate  of  the  scale  on  which  the  sidereal  system  is 
constructed.  Let  it  suffice  to  mention  that  the  funda- 
mental fact  00  which  our  estimate  of  the  distances  of 
the  fixed  stars  from  us  and  from  each  other  has  been 
based,  is  the  circumstance  that  while  our  Earth  sweeps 
round  the  Sun  on  an  orbit  more  than  180,000,000 
miles  in  diameter,  the  stars  remain  all  but  unchanged 
in  their  apparent  position,  ^1  tte  powers  of  our  modem 
instruments  only  revealing  in  a  very  few  instances  the 
minutest  conceivable  displacement.  Setting  this  fact 
clearly  before  us,  the  grandeur  of  the  sidereal  system 
becomes  more  real  and  present  to  our  minds.  From 
the  nearest  fixed  star,  the  vast  orbit  of  our  Earth  a 
reduced  to  little  more  than  a  point, — to  a  circle  so 
minute  that  2,000  such  circles  could  be  placed  side  by 
ride  along  the  apparent  diameter  of  the  Sun  or  Moon. 
But  the  great  majority  of  the  stars  lie  at  distances  far 
vaster:  so  vast  indeed,  that  the  Earth's  orbit  is  reduced 
to  a  mere  point  as  viewed  from  beyond  the  vast 
abysms  which  separate  us  from  those  orbs.  Nor  is  it 
likely  that  in  general,  the  distance  of  star  from  star, 
of  any  star  in  the  heavens,  for  instance,  from  the 
nearest  of  its  neighbours,  falls  short  of  the  dbtance  by 
which  our  Sun  is  separated  from  the  nearest  of  bia 
fellow  orbs. 

We  are  thus  brought  face  to  face  with  a  problem 
full  of  interest  but  enormously  difficult — a  problem 
which  belongs  perhaps  rather  to  the  astronomy  of  the 
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future  than  to  t^iat  of  onr  day.  How  are  men  to 
detfirmine  the  figure  and  dimensions  of  the  sidereal 
fljstem,  to  understand  ita  structure  and  complexities, 
to  trace  out  the  motions  taking  place  within  its  limits, 
when  as  yet  they  seem  to  have  scarce  any  means  of 
even  attempting  to  solve  these  problems?  Yet  here, 
unless  I  mistake,  is  a  work  from  which  future  astrono- 
mers will  not  shrink,  a  problem  whose  solution  (for  it 
Kill  be  solved)  cannot  but  reveal  results  alt<^ethcr 
surpassing  in  interest  any  which  astronomers  have  yet 
obtiuned.  It  is  true  that  if  we  consider  the  means  we 
have  for  attacking  this  noble  problem,  tliey  seem 
ineffective  indeed ;  if  we  look  at  the  results  of  past 
research  we  find  little  to  encourage  present  confidence. 
Yet  it  is  only  necessary  to  consider  the  ama^g 
interest  of  the  problen>  to  set  doubt  and  irresolution  or 
one  side,  and  at  least  patiently  to  test  the  means  we 
have  at  our  disposal. 

I  have  elsewhere*  pointed  out  reasons  for  regarding 
the  views  hitherto  accepted  respecting  the  sidereal 
system  as  unsatisfactory.  The  results  obtained  by 
Sir  William  Herschel,  and  apparently  confirmed  by 
the  labours  of  Sir  John  Herschel,  the  elder  Stmve, 
and  others,  seem,  according  to  the  evidence  I  have 
adduced,  to  be  self-contradictory  and  not  accordant  with 
other  equally  reliable  researches.  I  confess  I  can  no 
longer  entertain  any  doubt  that  there  is  an  error  in  t)ic 

■  In  Other  World)  lAan  Onrj,  aad  more  espKiallj  the  iMood 
pHition.  vbere  additional,  and,  I  tbiofc,  concluaire  aigumeDte  are  brongiit 
h>r«itrd.  . 
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hypothesis  vhich  underlies  Sir  William  HerBchera 
reasoning.  It  is  absolutely  essential,  if  we  would  form 
any  adequate  conceptions  at  all  respecting  the  nature 
cf  the  scheme  to  which  the  Sun  belongs,  that  that  hypo- 
thesis and  its  results  should  be  re-considered.  I  must 
avoid  here,  however,  all  reference  to  arguments  already 
enforced,  and  indeed  I  propose  but  to  sum  up  here  the 
results  I  have  exhibited  elsewhere,  and  then  to  pass 
on  to  consider  one  special  circumstance  connected  with 
the  Sun's  relation  to  his  fellow  suns — the  proper 
motion  by  which  he  speeds  through  interstellar  space. 
Sir  William  Herschel,  fired  with  the  noble  thought 
of  gauging  the  celestial  depths,  took  as  the  Aindamental 
hypothesis  on  which  his  gaugings  were  to  rest,  the 
conception  that  the  stars  are  spread  with  a  certain 
general  uniformity  within  a  definite  re^on  of  apace.''^ 
If  this  one  hypothesis  be  admitted,  it  becomes  possible, 
by  means  of  a  telescope  powerful  enough  to  reach  the 
most  distant  and  the  smallest  stars  of  the  system,  to 
gauge  the  extent  of  the  system.  All  that  is  necessary 
is  to  count  the  number  of  stars  seen  in  the  telescopic 
£eld  of  view  when  the  instrument  is  directed  towards 
different  parts  of  the  heavens.  Where  many  stars  are 
seen,  there  the  system  must  necessarily  have  its  greatest 


■  It  ia  Bometjmes  added  that  Sr  William  Harechel  auppOMd  a  Mr- 
tain  general  uaiformit;  of  iiM  and  btilllanoy  to  «iiat  amoiie  the  (tara. 
Thia,  hoverer,  ia  a  mistake.  The  only  general  hjpothpsis  made  hj 
Sir  William  Eerachel  tiu  the  ons  gUted  above ;  headded.ai 
to  Uie  admisaioD  of  his  otd  alar-gangltigB,  the  theorj  that  hia 
aeope  reached— at  least  in  moat  dti«ctiona — the  limila  of  the  si 
tyaltm. 
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extenuon ;  vhere  there  are  few  stars,  there  the  limits 
of  the  system  niuBt  be  nearest  to  us. 

It  is  well  koown  that  by  this  process  of  star-gauging 
Sir  William  Herschel  was  led  ti>  the  conciuaion  that 
the  sidereal  system  has  the  form  of  a  cloven  disc.  The 
extension  of  this  disc  is  towards  the  region  of  the 
heavens  occupied  by  the  Milky  Way,  the  parts  of  the 
heavens  where  no  milky  light  is  seen  corresponding  to 
the  flattened  sides  of  the  disc.  According  to  the 
eiisential  principle  of  this  method  of  star-gauging, 
applied  to  the  observed  numerical  relations,  it  follows 
inevitably  that  the  stars  visible  to  the  naked  eye  lie 
far  within  the  limits  of  the  cloven  disc.  The  same 
conclusion  follows,  also,  from  Sir  John  Herscbel's 
gauges  of  the  southern  heavens ;  though  his  view  of 
the  sidereal  system  differed  in  this  respect  from  his 
father's,  that  he  considered  the  stars  visible  to  the 
naked  eye,  and  others  down  to  about  the  tenth  magni- 
tude, to  be  less  richly  spread  through  space  than  those 
whose  united  lustre  produces  the  milky  light  of  the 
galaxy.  But  whether  the  richer  parts  of  the  sidereal 
system  form,  as  Sir  William  Herschel  thought,  a  cloven 
disc  in  space,  or,  as  Sir  J.  Herschel  supposes,  a  cloven 
ring,  surrounding  the  lucid  stars, — in  either  case, 
accepting  only  Sir  William  Herschel's  fundamental 
hypothesis,  we  are  bound  to  admit  that  the  lucid  stars 
lie  far  within  the  limits  of  the  sidereal  system.*     lo 

*  For  coDTenience,  istrouomei*  BpMk  of  tha  sUrs  Tisible  to  the 
naked  eye  u  die  lucid  itart.  The  title  bM  do  rsference,  it  will  be 
ontieratDod,  to  the  iutriDsic  brilliaiicy  of  the  light  of  llie  vjrible  stan. 
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whatever  direction  we  turn  our  eyes  to  look  upon  tbe 
lucid  stare,  we  may  Le  quite  certain,  if  only  this  hypo- 
thesis be  true,  that  the  bounds  of  the  star-system  lie 
far  beyond  t}ie  constellations  we  are  regarding. 

Now  it  is  at  this  point  that  my  study  of  the  stars 
has  led  to  the  recognition  of  evidence  which  opposes 
itself  in  the  most  striking  manner  to  the  views  usually 
accepted.  1  find  among  the  lucid  stars  the  most  con- 
vincing signs  of  aggregation  along  certain  definite 
regions,  and  of  segregation  from  others.  I  have 
applied  to  these  signs  the  strictest  principles  of  mathe- 
matical calculation,  in  order  to  determine  whether  they 
can  by  any  possibility  be  due  to  chance  distribution, 
and  I  find  that  it  is  wholly  impossible  so  to  interpret 
them.  But  in  this  result,  regarded  by  itself,  there  is  in 
truth  nothing  opposed  to  the  accepted  theories.  It  is 
indeed  an  interesting  circumstance  that  such  traces  of 
aggregation  and  segregation  should  be  recognisable, 
and  perhaps  it  may  seem  to  many  a  perplexing  circum- 
stance that  these  signs  should  so  long  have  escaped 
recognition.*  But,  apart  from  the  interest  thus  attach- 
ing as  I  think  to  the  discovery,  there  is  nothing  which 
may  not  be  conceived  to  accord  very  well  with  the 
views  of  the  Herschels.  For  such  peculiarities  of 
structure,  if  oue  may  so  speak,  within  the  sphere  of 

•  This  maj  be  fticribed  wholly  to  the  strongo  nutore  of  the  star- 
atlasra  hitherto  coQstractcd.  in  irhich  the  authors  veem  to  hare  studied 
how  they  might  best  (by  distoning  the  celestinl  epacts  and  by  covering 
tbrm  uTsr  vitb  monstrouB  BgureB  of  men  and  ooinials)  concaiil  alto- 
gether from  view  any  laws  of  asaociatioD  which  nay  really  exist  ammtg 
the  stars. 
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the  lucid  stars  might  exteod  thoughout  the  whole  of 
the  '  cloven-diac  Btar-s^Btem '  conceived  by  Sir  William 
Herachel,  and  yet  the  averageB  on  which  he  based  his 
conclusions  might  not  be  disturbed.  It  is  when  another 
and  most  unexpected  relation  is  mentiooed  that  the 
accepted  theories  are  found  to  fail.  The  aggregation 
of  stars  distinctly  recognised  in  some  regions  and  very 
marked  in  others  is  most  marked  of  all  along  the 
Milky  Way.  Not  only  are  lucid  stars  so  richly  strewn 
on  the  Milky  Way  that  for  the  whole  heavens  to  be  as 
richly  spread  6,000  new  lucid  stars  would  be  wanted, 
but  the  gaps  and  lacunae  in  the  Milky  Way  are  so  bare 
and  vacant  that  were  the  whole  heavens  no  richer 
4,600  stars  now  visible  would  have  to  be  blotted  from 
our  view.  Such,  briefly  stated,  is  the  statistical  evidence 
on  this  point.  There  can  be  no  question  that  it  is  of 
the  most  convincing  character.  The  probabilities 
against  such  a  result  if  chance  dbtribution  were  alone  in 
question — that  is,  if  no  real  relation  existed  between  the 
lucid  stars  seen  amid  the  milky  light  of  the  galaxy  and 
the  clustering  groups  of  telescopic  stars  which  produce 
that  light — may  be  readily  shown  to  be  so  overwhelming 
that  no  illustration  can  be  devised  to  convey  an 
adequate  idea  of  their  immensity.  The  chance  that 
the  Sun  will  rise  to-morrow  is  ridiculously  small  (at 
least  as  QuStelet  calculates  it)  by  comparison.  So 
that  as  long  as  the  laws  of  probability  are  to  be  our 
guide  in  such  matters  (and  in  every  scientific  conclu- 
sion ever  yet  adopted  we  have  had  no  other  evitience) 
it  must  be  regarded  as  certain  that  the  lucid  stars  seen 
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on  the  Milk;^  Wsy  are  for  the  most  part  immersed 
among  the  crowds  of  minute  stars  forming  the  diffused 
light  of  the  galaxy.  These  galactic  stars  then  are 
much  nearer  than  had  been  supposed,  and  they  are 
really  minute,  not  reduced  merely  to  apparent  minute- 
ness by  the  vastneas  of  their  distance. 

When  we  add  to  the  considerations  thus  suggested 
that  the  nebulae  have  been  shown  by  unmistakable  signs 
of  association  to  form  a  system  intimately  connected 
with  the  system  of  stars,  we  begin  to  see  that  the  sidereal 
system  regarded  as  a  whole  is  very  different  from  that 
scheme  of  suns  pictured  in  the  accepted  theories. 
Our  Sun  and  bis  fellow  suns  are  associated  with  groups 
of  minor  suns,  with  clusters  of  star-dust,  with  masses 
of  star-mist.  We  trace  amid  the  complex  system 
thus  disclosed  the  signs  of  as  yet  unthought-of  laws. 
Here  tbe  large  suns  gather  into  well-marked  clusters ; 
here  they  form  streams  amid  the  celestial  depths.  In 
one  region  we  find  them  associated  with  that  strange 
spiral  of  minute  stars  forming  the  galaxy*  (see  fig.  87); 
in  another  they  are  grouped  with  discrete  nebuts; 
and  yet  elsewhere  they  are  immersed  amid  the  whorls 
and  convolutions  of  nebulous  matter.  Lastly,  in  two 
regions  we  see  suns  and  minor  stars,  star-clusters  and 
discrete  nebulie,  and  masses  of  nebulous  matter,  com- 
bined into  vast  spherical  aggregations — the  Magellanic 
Clouds  of  the  seaman— and  these  aggregations  them- 

■  Such  IB  Bt  leaet  k  figure  which  (ai  shown  in  my  Other  WirrMt)  mv 
cDimta  in  s  eatisiacloi^  manner  for  bU  tbe  obserTcd  peculiaritieii  of  ths 
Milij  W»j. 
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selves  fonning  the  centre  of  a  remarkable  group  of  lucid 
stars.  This  group,  uumbering  more  than  2,500  orbs, 
covers  one  half  of  the  southern  heaveus.  It  sweeps 
in  a  mighty  spiral*  around  the  greater  Magellanic 
Cloud.  It  gathers  its  host  of  lucid  orbs  so  densely 
along  one  part  of  its  course  that  that  region  of  the 
heavens  alone  suffices  to  light  up  the  southern  skies  as 
with  the  tight  of  a  young  moon.  It  presents,  in  fine, 
phenomena  which  leave  little  room  for  question  that  it 


The  MiJky  ws;  regarded  as  a  S|)inil. 

forms  a  great  and  distinct  system,  within  whose  bounds 
are  included  all  the  characteristic  features  of  the  sidereal 
system  itself,  if  indeed  we  are  not  to  regard  it  as  form- 
ing the  noblest  half  of  that  portion  of  the  universe  of 
which  we  have  hitherto  become  cognisant 

•  Tho  fwitiires  here  referred  to  nre  very  strikingly  exhibitaj  in  ihe 
isographic  m.ips  of  the  northeni  adiI  southern  hesTeDsacconijHnjingthe 
secund  wlitioa  of  mj  Othtr  Worldt.  Tbe»  mapa  show  all  the  Bl»rs 
visible  to  Ihe  naked  eje  (in  white  on  a  black  ground)  trulj  diatribued 
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It  is  not  without  a  purpose  that  I  have  thus  directed 
the  reader's  attention  to  the  vast  southern  star-eystem 
which  constitutes  the  moBt  striking  and  iostnictive 
feature  of  the  heavens.  If  there  is  do  feature  of  the 
northern  heavens  which  to  ordinary  vision  eeems  to 
correspond  to  this  southern  star-system,  yet  BtatJBtical 
research  reveals  the  fact  that  the  southern  region  has  its 
true  analogue  in  our  northern  heavens.  The  widely 
extended  group  of  stars  surrounding  the  projection  of 
the  Milky  Way  in  Cepheus,  and  including  within  its 
limits  the  singularly  rich  portion  of  the  Milky  "Way  in 
Cyguus,  has  not  only  well-defined  limits,  hut  presents 
a  well-marked  superiority  to  the  rest  of  the  northern 
heavens  as  regards  richness  of  star-distribution. 
Though  smaller  in  extent,  it  is  not  less  rich  on  the 
average  than  the  great  southeiTi  rich  region.  It 
corresponds  also  with  that  region  in  some  other  and 
rather  peculiar  respects.  It  covers  a  re^on  where 
the  Milky  Way  throws  out  projections,  and  shows  vast 
vacuities.  The  Milky  Way  reaches  it  on  one  side 
as  a  single  stream,  on  the  other  as  a  double  stream; 
and,  further,  the  brightest  portions  of  the  Milky 
Way,  in  the  northern  and  southern  heavens,  lie  near 
these  two  rich  regions,  and  both  also  towards  that  edge 
of  the  rich  region  whence  the  double  stream  of  milky 
light  extends. 

'Sov,  I  would  invite  attention  to  the  circumstance  that 
the  Sun's  proper  motion,  according  to  the  best  estimates 
hitherto  made,  is  carrying  him  from  the  borders  of  the 
southern  rich  region  towards  the  borders  of  the  northern 
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rich  region.  He  is  passing  away  from  the  neighbour- 
hood of  Canis  Major,  Columha,  and  Lepus  (not  to  de- 
fine too  predsely  the  as  yet  scarcely  determined  path 
along  which  he  traTels),  and  he  is  ui^ng  his  way  with 
inconceivable  velocity  towards  the  region  hetween 
Hercules  and  Lyra.  Of  the  true  habitudes  of  those 
regions  of  space  through  which  he  is  bearing,  and  has 
lately  borne,  his  family  of  planets  we  know  little.  But 
as  we  look  back  along  the  extended  track  he  has 
pursued,  aud  see  the  richness  of  those  re^ons  he  has 
lefl,  and  as  we  look  onwards  and  trace  his  course  in 
imagination  towards  the  borders  of  that  rich  r^on 
whose  glories  gather  into  their  chiefest  splendour  in 
CygnuB,  the  conception  is  suggested  that  he  is  now 
winging  his  way  through  a  relatively  barren  region, 
that  he  has  left  and  will  again  visit  more  glorious  staiv 
depths  than  those  through  which  he  now  pursues  his 
course. 

And  here  we  may  pause  for  a  moment  to  consider  the 
nature  of  that  path  along  which  we  ourselves  are  borne 
as  the  Earth  sweeps  on  her  course  round  the  Sun. 

Let  the  foreshortened  circle  in  fig.  88  represent  the 
path  of  the  Earth  about  the  Sun,  the  globe  x  s  represent- 
ing on  a  large  scale  the  slope  of  the  Earth's  axis  throngb- 
out  het  annual  revolution.  When  the  Earth  ia  at  a 
it  is  mid-winter ;  when  she  is  at  a  it  is  spring ;  at  vf  it 
is  summer ;  and  lastly,  when  she  is  at  T  it  is  autumn. 
Then  the  path  of  the  Sun  has  the  position  indicated  in 
the  figure,  being  inclined  some  53  degrees  to  the  plane 
of  the  Earth's  orbit,  and  some  15  d^rees  in  advance 
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of  vf  .*  Along  tliis  path  the  Sun  pursues  his  course 
at  a  rate  which  has  been  estimated  at  ahout  150 
miUions  of  miles,  or  five-Blxths  of  the  diameter  of  the 
£arth'8  orbit  in  each  year.  Hence,  since  the  Earth's 
orbit-plane  is  carried  along  at  this  rate,  while  the 
Earth  circles  around  that  orbit  once  in  each  year,  it 
follows  that  the  actual  path  pursued  by  the  Earth  in 


ItlustntiDg  the  moCion  of  the  Etulh'i  orbit  tluongh  space. 

space  t  is  such  as  is  indicated  in  fig.  89.     It  is  in  fact 
a  skew  spiral  or  helicoidal  path.{ 

■  It!  projection  on  the  ediptjc,  that  is,  liea  in  longitude  289°,  or 
tbereabonti. 

t  Or  rather  within  the  sidereal  syitem,  which  itself  donbtless  has 
some  motion — perhapl  an  inconceirahly  rapid  motian. 

X  Some  persons  have  expressed  great  aniietT  lest,  if  the  Sou  it 
really  traTdling  so  swiflly  tlu«iigb  space,  he  should  leave  the  Earth 
behind.  There  is  not  the  least  fear  of  this,  any  more  than  there  is 
that  the  Earth  ghoald  leave  the  Hoon  behind.  WhtteTer  forces  hare 
canted  the  Sun  to  follow  his  preeent  career  haTe  a«ted  upon  the  Earth 
and  all  the  pUnela  with  equal  effect.    And  as  the  Snn's  oonne  thtongh 
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The  other  memhers  of  the  planetary  system  pursue 
patha  of  different  figures.  The  coils  of  the  helicoids 
traversed  by  Mercury  and  Venus  He  relatively  close 
together ;  those  of  Mars  are  not  so  near  as  the  coils  of 
the  Earth's  path.  The  asteroidal  helicoid  paths— 
amazingly  complicated  they  must  be — are  yet  more 
drawn  out  (ao  to  speak).  But  it  is  when  we  pass 
beyond  the  asteroidal  orbits  that  we  get  the  most  ex- 


Tho  Earth's  moliou  thioagh  Bpaee. 

tended  helicoids.  Jupiter  is  carried  some  1 ,700,000,000 
miles  onward  with  the  advancing  Sun,  while  he  cir- 
cuits once  around  his  orbit  of  less  than  1,000,000,000 
miles  in  diameter ;  Saturn  sweeps  on  through  some 
4,400,000,000  miles,  while  circuiting  his  orbit,  less 
than  1,850,000,000  miles  in  diameter;  and  the  paths 

■pace  b«comei  modified  b;  the  varjing  attrsetloDg  to  vbich  he  Dia}^  be 
HubjecUd,  ever;  plnnet  id  the  BoUTBjBtem.ererr  satellite,  meteoi',  plane- 
tary coineti  and  asteroid,  will  experi^cce  the  Mine  ioflufiiceA,  and  ac- 
company the  Sun  juit  ai  Taithfullj  as  at  preaent. 
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traversed  by  Uranus  and  Xeptune '  amid  the  (depths  of 
sidereal  space  are  even  more  remarkably  drawn  out, 
regarding  them  in  their  helicoidal  character. 

As  the  Sun  travels  through  space  the  planets  sweep 
onward  mth  him,*  But  has  he,  besides  his  planetary 
dependants,  any  companione  on  his  voy^e  ?  Do  any  of 
his  brother  suns  travel  along  livith  him  ?  As  yet  we  have 
no  means  of  knowing,  for  a  strange  difficulty  arises. 
If  the  Sun  has  companions,  these  must,  of  course,  be 
relatively  near  to  him.  It  does  not  follow  that  they 
ivill  appear  brighter  than  other  stars,  because  if  they  are 
no  larger  than  tbe  Sun,  we  know  that  other  orbs  (as 
Siriua  and  Arcturus)  must  largely  exceed  tbem  in  real 
size,  and  so  their  relative  proximity  may  not  be 
rendered  apparent.  But  this  is  not  all.  The  stars 
which  astronomers  select  as  most  likely  to  afford 
measurable  indications  of  proximity  ai-e  those  whose 
apparent  motions  on  the  heavens  are  exceptionally 
large.  Now  the  companions  of  our  Sun  on  his  voyage 
through  the  sidereal  system  doubtless  travel  on  a 
nearly  parallel  course ;  and  therefore,  setting  aside 
their  orbital  motions  around  each  other,  or  around  the 
common  centre  of  gravity  of  the  family,  they  must 
appear,  as  viewed  by  us,  to  be  almost  at  rest.  They 
would  of  course  indicate  in  a  more  marked  manner 
than  any  other  stars  the  effect  of  the  Earth's  annual 

*  It  is  worthj  of  notice  that  the  Snn'a  northern  hemiephcire  IrsTeU 
farwordB.  le  it  not  conceivable  that  in  this  peculiarity  ve  may  find 
•ome  eiptanaCion  of  tbe  greater  heat  which  hne  beori  said  to  be  nmiCI«d 
from  the  noitbecn  >otar.hemiBpliere  ?    See  also  p.  210,  footn<rta. 
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motion  (or,  technically,  they  would  have  a  large  annual 
parallactic  displacement) ;  but  then  astrooomers  would 
not  be  led  to  look  for  such  effects,  since  we  know 
as  a  matter  of  fact  that  the  stars  hitherto  examined 
for  »ign8  of  annual  parallax  are  those  which,  eith^ 


•v                                ^ 

-yl 

Obsecred  proper  notions  in  Ursa  Heyor  and  Deighbourhood. 

through  exceptional  brilliancy  or  through  exception- 
ally large  proper  motion,  seem  likely  to  be  near 
to  us. 

We  find  signs  in  the  heavens  leading  us  to  regard 
the  existence  of  such  '  companions  of  the  Sun '  as  at 
least  not  wholly  improbable.  Here,  for  example,  is  a 
picture  (fig.  90)  borrowed  from  my  '  Other  Worlds,' 
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in  which  the  chief  stars  of  the  coDstellation  Ursa 
Major  are  depicted,  and  some  few  others  belonging  to 
Draco  and  Bootes.  To  each  star  is  attached  a  small 
arrow  indicating  the  direction  of  its  motion,  and  the 
amount  of  such  motion  in  36,000  years.  We  see  here 
decided  signs  of  star-drifl.  We  can  scarcely  doubt 
that  the  five  principal  stars  of  Ursa  Major  included 
within  the  dotted  line  are  travelling  together  though 
space;  while  the  four  stars  above,  belonging  to  Draco, 


.  /,, 

Olwerved  proper  motion  of  Stara  in  head  of  Ariei. 

seem  similarly  to  be  companion  suns.  The  remain- 
ing stars  may  also  not  improbably  fonn  a  single 
family. 

The  group  of  stars  shown  in  fig.  91  seem  to  form  a 
system  within  which  probably  there  are  orbital  motions 
of  considerable  magnitude. 

It  is  worthy  of  notice  that  in  the  two  instances  here 
referred  to  there  are  evidences  of  association  apart 
from  the  observed  proper  motions.  For  in  the  second 
the  stars  forming  the  system  seem  segregated  in  a 
somewhat  marked  manner  insta  neighbouring  star- 
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groups.  The  stars  in  Ursa  Major,  again,  have  been 
noted  by  Fr.  Secchi  as  having  very  similar  spectra — in 
other  words,  as  resembling  each  other  very  closely 
in  structure  and  condition.  In  this  circumstance  we 
have  a  peculiarity  which  may  one  day  enable  us  to 
select  with  some  confidence  those  stare  which  are  our 
Sun's  special  companions,  which  voyage  along  with 
him  through  the  sidereal  system,  and  share  with  him 
perchance  in  a  reign  over  some  special  domain  of 
space. 

And  here  I  have  to  draw  this  work  to  a  conclusion. 
Too  limited  by  far  has  been  the  space  I  have  allotted 
to  my  subject,  and  yet,  for  many  reasons,  it  would 
have  been  unwise  to  have  exceeded  this  space.  I 
have  followed  so  closely  the  course  I  marked  down  in 
the  beginning  that  I  see  no  occasion  to  change  cme 
word  in  the  introductory  pages.  Yet  at  many  stages 
where  I  had  promised  myself  a  pause  for  survey  and 
reflection  I  have  been  compelled  to  pass  on  without 
stay.  Many  inviting  paths  opening  out  on  one  hand 
and  the  other  have  been  perforce  left  unexplored.  As 
I  have  proceeded  1  have  become  more  and  more 
sensible  of  the  vastness  of  the  subject  I  have  under- 
taken to  discuss.  Not  a  book,  but  a  library  of  books, 
is  needed  to  deal  adequately  even  with  only  what  is  at 
present  known  about  the  Sun  ;  not  a  few  students  of 
science,  but  all  the  astronomers  and  physicists  now 
living,  might  devote  their  powers  to  the  study  of  solar 
phenomena,  and  yet  find  that  the  army  of  labourers 
needed  to  be  largely  recruited.     Only  in  the  coming 
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time,  when  the  students  of  science  will  be  the  majority 
instead  of  a  minute  minority  of  mankind,  will  this 
subject,  and  those  countless  other  kindred  subjects 
which  await  investigation,  he  adequately  dealt  with. 
Let  us  hope  tlint  time  is  not  far  off. 
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7HE  APPROACHING    TBANSITS   OF   VENUS  AND   THE 
BESI   MEANS  FOR   OSSEBVING    TIIMX. 

On  account  of  the  interest  attnching  to  the  appttiachiiig  tran- 
sits, and  more  especially  to  the  transit  of  1H74,  for  which 
s  sum  of  more  than  10,000/.  has  been  voted  by  tho  Govern- 
ment, it  BeemH  desirable  to  exhibit  here  in  a  popular  form  the 
remits  to  which  I  have  been  led  by  a  vei^-  careful  mathemati- 
cal investigation  of  the  conditions  under  which  the  coming 
transits  may  be  most  eatisinctoiily  obcerved.* 

Already  in  Chapter  I.  I  have  exhibited  the  general  prin- 
ciples on  which  the  determination  of  the  Sun's  dialaoce  by 
observation  of  transits  of  Venus  depend.  But  an  it  is  always 
advantageous  in  discussing  astronomical  relations  to  view 
them  in  as  many  aspects  as  ponible,  1  now  present  a  mode  of 

■  I  mfty  mrnsii  here  that  I  Iiave  goa«  over,  at  the  eipeo«e  of  a  con- 
■idarable  amount  of  time  (Cbr  the  work  was  alCof^ther  neir  to  me),  the 
pivem  of  cnlcnlatioD  b;  which  the  elements  of  the  tracBit  are  dedaced 
fnini  the  tables  of  Venae  and  the  Sun ;  but  (aa  I  Anticipated  when  I 
begin)  the  Tcenlte  I  obtained  accord  so  cIoMljwithUr.HiDd's,  that  the 
labour  (eare  for  the  pmctice  it  gave  me)  was  in  a  sense  thrown  away. 
It  11  worth;  of  notice,  bowever,  that  H.  Puiseui  having  obtained  tome- 
whnt  difierent  remits,  this  eonflrmation  of  Ur.  Hind's  results  has  a  value 
which  ordiaaril;  would  be  wiintin;  to  mearchee  of  the  sort.  Hr. 
Mammer,  of  Hr.  Bishop's  Obserratory,  Twickenham,  hud  already,  at  Mr. 
Hind's  request,  tested  the  published  elemeats  ;  and  there  can  be  now  no 
doubt  whaleveT  that  in  this  matter  (as  always)  Mr.  Hind'e  calculations 
an  beyond  queetion. 

r  T 
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conndering  tranmts  of  Venus  which  U  periiaps  the  best  w& 
simplest  conceivable. 

Let  s  (fig.  92)  be  the  Sun,  t  (Venus)  and  e  (tie  EhiIj) 
travelling  in  the  sume  directioo  nnd  nearly  in  the  same 
plane  round  the  Sun  as  shown  by  the  arrows,  Venns  the  more 
awifUy ;  and  let  it  be  noted  that  the  dimamions  of  the  Sim, 
Venus,  and  the  Earth  are  here  neceseaiilj  exaggerated,  since 
even  the  Sun,  if  presented  on  the  same  scale  as  the  distances, 
would  be  scarcely  perceptible  in  our  fignre. 

Now,  Venus,  like  every  other  body  in  the  solar  system, 
throws  a  shadow,  and  the  shadow  is  represented  by  the  tri- 
nngular  space  behind  Venus  infig.  92.  It  comes  to  a  point  not 
rery  iar  (relatively)  from  Venus.  Suppose  this  cone  produced 
beyond  its  apex  bo  as  to  form  the  shaded  cone  shown  in  the 


figure.  It  is  obvious  that  to  an  eye  placed  within  this  shaded 
region  Venus  will  be  aae^fiiUg  within  lite  Sun's  ditc  ;  and  to 
an  eye  placed  on  the  surlace  of  this  region  Venus  will  be  seen 
just  touching  the  Sun's  disc  on  the  itiside.  Now  conceive  a 
double  cone  touching  both  Venus  and  the  Sun,  but  having 
its  apex  hetaeen  these  bodies,  as  shown  in  the  figure.  Then 
obviously  to  any  eye  on  the  sur&ce  of  the  region  between 
thie  apex  and  v  t/,  Venus  would  be  seen  just  touching  the 
Sun's  disc  on  tht  outside*    Clearly,  then,  to  any  eye  between 

*  For  imtsncp,  to  an  ejs  at  v  Veuxm  would  smiD  jnst  to  touch  tbe 
Sun's  dlBC  on  thg  oattide  at  >,  while  to  an  eje  pland  at  v',  Vbdus  mili 
Mem  ju«t  to  touch  the  Sun'a  disc  on  the  oDtside  at  if.  This  is  obTiovi. 
brcauM  the  lines  D  v,  t^  T,  just  tonch  the  Sun  and  Venos,  wheresi  ^J 
Olher  lines  &om  «  and  if  to  points  on  Venus  pass  clear  of  the  Sun. 
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this  sur&ce  and  the  r«|;ion  shaded  in  the.  figare,  a  part  only 
of  the  disc  of  Venus  wilt  be  Been  on  the  disc  of  the  Sun. 

So  that  if  an  observer  were  carried  through  the  double 
coue  shown  in  fig.  92  behind  Venus,  he  would  see  the  follow- 
ing Huccesftive  phenomena.  When  he  came  to  tlie  out«r  HUr- 
&ce  Venus  would  be  in  exterior  contact,  or  as  at  a  {&%.  14, 
p.  42) ;  as  he  passed  on  to  the  inner  eurface  Venns  would 
enter  more  and  more  on  the  Sun's  disc,  until  when  he  reachtd 
that  sur&ce  she  would  be  in  interior  contact,  or  as  at  s  (Sg, 
14).  Then  as  he  traTelled  on  tbrough  the  inner  cone  Venus 
would  seem  to  cross  the  Sun's  disc,  and  she  would  just  touch 
it  on  the  inside  when  our  observer  reached  the  suriace  of  this 
inner  region  on  his  paKsage  outwards.  Next,  as  he  passed 
onwards  to  the  surface  of  the  outer  region,  Venus  would  be 
seen,  crossing  the  edge  of  the  Sun's  disc  And,  lastly,  aa  he 
passed  that  surface  he  would  again  see  Venus  in  exterior  con- 
tact, the  transit  thereupon  coming  to  an  end. 

Now,  during  a  transit  of  VenuH  the  Garth  does  actually  pass 
in  such  a  way  through  these  regions ;  or  rather  these  regions 
overtake  and. pass  over  the  Earth.  In  ordinary  conjunctions 
the  cones  of  fig.  92  pass  above  or  beneath  the  Eartli ;  but 
when  the  Earth  is  sufficiently  near  to  the  plane  in  which 
Ventia  is  moving,  the  cones  do  not  pass  without  encountering 
the  Eardi,  and  so  a  transit  takes  place.  Further,  the  conddera- 
tions  iu  the  preceding  paragraph  suffice  to  exhibit  the  general 
circumHtances  of  a  transit. 

Since  the  cones  overtake  the  Earth  in  the  direction  shown 
"by  the  arrows,  we  may  conwder  that  the  Earth  posses  through 
the  cones  in  the  contrary  direction. 

Suppose  i"  t/  (fig.  93)  to  represent  the  same  section  of  the 
outer  cone  as  t>  t/  in  %■  92 ;  t  V  the  section  of  the  inner 
cone ;  and  e  (Sg.  93)  the  Earth,  as  shown  at  e  in  fig,  92. 
Then  i>  v'  is  really  moving  towards  the  left;  but  we  are  to 
suppose  that  E  is  moving  towards  the  right  through  v  v'. 
Furthermore,  if  Venus  is  near  an  ascending  node,  as  she  will 
be  during  both  the  approaching  transits,  we  must  suppose  the 
Earth  to  pass  desceudingly  along  such  a  course  as  e  l'  tlirough 
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the  region  v  t/.     The  actoal  course,  both  as  respects  posba    i 
and  direction,  is  determined  from  the   calculated  elements  of    I 
the  trauait.     With  this  calculation  we  need  not  here  coDcen 
onrielyes.*    The  figure  flhowD  the  course  actually  travened  l^ 
the  Earth  in  1874  and  1882. 

Now,  taking  the  Earth  through  ti  t/  for  the  1874  bvusit,  k< 
us  conoider  the  various  critical  points,  so  to  speak,  of  her 
course.     When  she  first  touches  the  outer  circle  v  i/  esteni«! 


lilustnitLDji  the  Uaasiu  of  VeaiiB. 

contact  will  hare  b^un  at  that  point  of  the  Earth  which  fir»t 
reuuhes  this  circle.  She  passes  on,  falling  more  and  more  with- 
in V  v',  until  she  is  just  wholly  within.  All  this  time  external 
contact  is  taking  place  wlierever  the  outline  v  v'  intersects  the 
Earth's  disc;  at  parts  within  that  line  Venus  is  seen  partly 

•  As  to  the  eiao  of  v  v'  compiired  with  thut  of  the  Eartli,  it  ii  casilj 
seen  from  fig.  B2  thHt  vi/ia  less  thnn  a  great  circle  of  the  Sun,  wj 
nearly  in  the  proportion  Ihiil  the  Earth's  distanre  from  VeDOfi  fietrii 
tha  Sun's.  If  Ifip  cono  of  which  1. 1/  is  ft  section  had  iU  vettei  it 
Venus'a  centre  this  proportion  would  be  eiact. 
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witbia  the  Sun's  disc,  and  at  parts  outside  of  it  external  con- 
tact has  not  yet  taken  place.  When  the  Earth  hoa  passed  whdll y 
within  the  circle  if  v',  extemaJ  contact  has  taken  place  at  aJl 
parts  of  the  visible  hemisphere.  But  aa  at  this  time  no  part 
of  the  Earth  has  reached  the  circle  v  v',*  internal  contact  has 
nowhere  commenced.  In  other  words,  Venus  is  not  yet  fully 
upon  the  Sun's  disc  as  seen  fVom  any  part  of  the  Earth. 

Now,  this  part  of  the  Earth's  motion  is  not  illustrated  in 
Itg.  93,  becaune  external  contacts  and  the  pasrage  of  Venus 
across  the  Sun's  outline  are  not  phases  which  the  observers  of 
teauuts  pay  great  attention  to.  We  now  come  to  the  impor- 
Iiint  phases. 

When  die  Earth  just  reaches  the  inner  circle  v  v',  interior 
contact  has  juBt  b^;un  at  the  point  on  the  Earth  which  (irst 
touches  this  circle.  Here,  then,  earliest  of  all,  intemnl  contact 
begins,  and  we  have  at  this  point  the  phenomenon  called 
by  astronomers  first  internal  contact  motl  accelerated.  The 
E^iih  is  then  in  the  position  numbered  I  in  fig.  93. 

She  passes  on,  the  outline  v  v'  encroaching  more  and  more 
over  her  face  until  she  is  wholly  witliin  this  outline  or  in 
position  2.  Ail  this  time  internal  contact  is  taking  pUce 
wherever  the  outline  v  v*  intersects  the  Earth's  diiic  At 
parts  of  the  Earth  within  that  line  internal  contact  has  passed, 
oi  Venus  is  already  fully  upon  the  Sun's  disc.  At  pans  of  the 
Earth  outside  that  line  Venus  still  breaks  the  outline  of  the 
Sun's  disc  When  the  Earth  is  at  2,  internal  contact  has  taken 
place  for  all  places  on  the  Earth's  illuminated  hemisphere. 
This  contact  taVes  place  latest  of  all  at  that  point  on  the  Earth's 
surface  which  at  this  moment  touches  v  v*.  It  is  here,  then, 
that  there  occturs  the  phase  which  astronomers  call^i*(  inter- 
nal contact  mott  retanUd. 

*  Tb«  distance  b«tw«eD  the  droles  v  v'  and  v  t'  is  obiionsl;  gresler 
than  the  Earth's  diameter,  if  *e  coDsider  ho<r  the  tmi  cinlea  v  (/  and 
T  r*  are  obt^aed.  For  the  diamettr  of  VenuB  is  rery  nearly  mjubI  to 
the  Earth's  ;  so  that  the  divergiDgliDeaframfoi' i*  (Gg.  S5)  are  alread; 
vepsrsted  st  t  by  s  dixtsiice  nearlj  eqoal  to  the  Earth's  dismeter,  and 
herefore  at  e  or  tr'  are  wider  spuL 
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Then  the  Earth  panses  onwards  throiigh  the  poaitJoDB  ahowa 
eererally  aloog  her  track  in  fig.  93. 

As  the  Earth  passes  out  of  the  spaces  V  v',  v  v',  Bimilar 
phages  occur  in  reverse  order.  We  need  note  only  the 
positions  numbered  severally  14  and  15.  The  first  shows 
where  the  Eurth  first  reach^  v  V*,  and  the  point  on  her 
aurfuce  which  first  touches  V  v'  is  the  place  where  occurs  the 
phase  called  aecond  internal  contact  mottaceeUrattd;  while  15 
shows  where  the  Earth  is  just  paaiing  clear  of  v  v",  and  the 
point  on  her  surface  which  is  the  last  to  touch  V  v'  is  Oie 
place  where  the  phase  occurs  called  second  internal  contact 
most  retarded.  The  circumstances  ol'  the  progress  of  the 
Earth  from  one  positioa  to  the  other  p^cisely  correspond  to 
t^oau  already  considered  in  dealing  with  the  Earth's  motion 
firom  1  to  2,  only  they  take  place  in  reverse  <H^er. 

Such  a  pxssage  as  I  have  deHcribed  lasts  altogether  some 
four  or  five  hours  (a  passage  through  the  centre  c  about 
eight  hours),  and  in  this  interval  the  Earth's  axial  rotation  is 
not  inconsiderable.  This  rotation  has  to  be  taken  into  ac- 
count in  dealing  with  the  real  circumstance  of  any  transit. 

The  reader  will  see,  tLeu,  that  to  present  in  an  exact  manner 
all  the  relations  thus  involved  would  require  not  merely  a 
large  amount  of  space,  but  the  discussion  of  maihematical 
coo^denitions  of  some  complexity.  And  yet  there  is  absolutely 
no  simpler  way  of  eshibiling  these  relations  in  a  descriptive 
manner. 

This  is,  then,  one  of  those  cases  where,  if  we  are  to  give 
views  at  once  exact  and  genemlly  intelligible,  we  must  employ 
that  too  much  neglected  aid  of  the  astroDomical  teacher,  b^lh- 
ful  pictorial  illustration.  We  must  have  reprcsentatioDS  of 
the  Earth  as  she  is  actually  placed  at  the  most  important 
parts  of  her  course  through  v  v',  truly  poised,  with  true  axial 
slope,  and  in  ttie  true  position  as  respects  axial  rotation. 
Such  pictures  will  do  what  verbal  descriptioQ  in  this  case  can 
never  do,  save  for  the  mathematical  tender. 

The  illuatrative  plates  VIII.,  IX.,  and  X.  have  been  specially 
onstructed  to  meet  this  difficulty, 
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The  long  folding  plate  pictures  the  Elarth  on  her  course 
through  the  positiomi  marked  1,  2,  .  . .  14,  15,  in  fig.  9Ji.  The 
path  of  the  Earth  in  this  figure  is,  for  convenieace  of  engrav- 
ing, broken  up  into  three  parts,  as  shown  in  fig.  94,  and  the 
Earth  is  represented  at  each  part  of  her  progrese,  precisely 
poised  and  rotated,  as  she  would  appear  if  ^e  could  be  viewed 
from  the  Sua  during  the  course  of  the  transit  of  1874. 

Leaving  the  cross-lines  out  of  consideratioQ  for  the  present, 
let  the  student  study  this  plate,  iaterpreting  it  by  reference  to 
figs.  92  and  93,  and  he  will  be  able  to  form  more  exact  con- 
ceptions of  the  real  relations  presented  during  the  transit  than 
he  could  from  a  very  long  and  recondite  explanation.  He  sees 
in  the  first  picture  of  the  Earth  those  regions  whence  tlie 


Fig.  94,  eipUutuDg  Plate  VIII, 

beginning  of  the  transit  wilt  be  visible.  He  sees  in  the  last 
those  regions  where  the  end  will  be  vii>ible.  Those  psrts  of 
the  Earth  which  appear  in  both  these  views  are  those  from 
which  the  whole  of  the  transit  will  be  visible.  And,  finally, 
those  parts  which  do  not  appear  in  either  of  these  views  (nor, 
therefore,  in  any  of  the  fifteen)  are  those  whence  no  part  of 
the  transit  will  be  seen. 

But  now,  having  done  this,  and  tmderstanding  also  that  he 
will  presently  be  invited  to  return  to  the  consideration  of  this 
plute,  let  him  examine  the  larger  and  more  elaborate  views 
Flatfi  IX.  and  X.,  representing  the  Earth  as  supposed  to  be 
seen  from  the  Sun  at  the  b^pnning  and  end  of  the  transit. 

Of  these  views  the  first  represents  the  Earth  as  ^e  would 
appear  from  the  Sun  when  ker  centre  is  just  crossing  the  circle 
V  v'  of  fig.  93  at  ingress,  and  the  second  represents  her  as  she 
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would  app4>nr  when  ber  centre  is  jnst  crossing  the  eame  circle 
at  egi'fisa.  So  that  the  first  corre^mnds  to  an  epoch  betiret;i) 
those  represented  in  itie  first  two  Earth -pictures  ol'  the  folding 
plate,  while  the  second  corresponds  to  an  epoch  between  iliose 
represented  in  the  lout  tiro  pictures  of  that  ptate.  The 
Eeeniingly  parallel  crosn-lines  in  Plate  IX.  represent  the 
encroacbing  outline  of  the  circle  v  v*  (fig,  i)3)  at  interralo 
of  a  single  minute  of  time  between  the  epochb  represented 
by  the  first  two  figarea  in  tlie  folding  plate.  The  corre- 
sponding cron-lines  in  PUte  X.  represent  the  same  outline 
gradually  pHSsing  off  the  Earth's  face  between  the  epochs 
ciirresponding  to  U)e  last  two  figures  in  the  folding  plate.  The 
encroachment  and  the  passing  off  not  being  strictly  uniform,* 
these  lines  are  not  equi-distant,  nor  are  they  strictly  parallel. 
(They  tihould  not  be  absolutely  straight,  since  they  really 
form  short  aroi  of  circles;  bat  this  consideration  is  relatively 
unimportant.) 

Now,  'liese  two  plates  gire  ns  all  we  require  for  determining 
what  are  the  best  stations,  whether  for  Delisle's  or  HaUey'a 
method  .f 

For  Deliale'a,  applied  as  at  ingress,  consider  Plate  IX.     'We 

■  Tlie  jBMoa  of  this  will  be  bmd  by  a  Ti>ri>rence  to  ftg.  S3.  ObTiocalj 
the  mte  at  which  the  Enrtb's  centre  ia  approaching  Ihe  centre  of  Venus 
(which  ntn  rmlly  mnunrpB  the  rate  of  eDCroachment)  diminiahes 
during  iDgresa,  while  for  a  like  rauon  the  rale  of  pasaiDg  off  innriurs 
during  egress. 

t  Properly  speskir^  Plates  IX,  Bnd  X,  only  rspreiwat  the  Eiirth  »ccn- 
mtel;  for  theinoment  when  theontlineof  t  t'  (flg.  63)  erooses  the  Earth's 
centre.  Sinee.  as  we  aee  I?  the  cmss.linea,  no  less  than  29m.  6*.  arc 
occupied  by  the  pnasnge  of  the  ouiliue  of  t  t*  over  the  £nrth'slaee. 
l>ot1i  Ht  iDgreu  and  egress,  the  Earth's  lotstion  has  to  be  considered. 
This,  hone ver,  can  very  eaaily  be  done,  since  the  latitodr  circles  are 
shown,  and  the  longitude  eirelea  ars  Hepantted  by  ten  degrees,  corre- 
apfinding  to  the  EiiTtb's  rotation  in  forly  minutes.  Thus  from  FlateTX. 
we  see  that  tbe  croH.line  mark«l  7m.  on  the  right  of  the  centre  paaera 
nenr  Jeddo.  But  as  the  cross-line  occupies  thiB  position  Bcren  minnt** 
licfore  it  crosses  the  Garth'i  centre,  we  mnet  put  Jeddo  back  through  an 
Hniount  corresponding  to  seven  minutes'  rotation,  or  about  one-siith  of 
ttie  distance  separating  two  lungitnde  drcteH  in  this  sngbbonrfaood. 
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wnnt  stttionH  wbere  the  ftccelemtion  is  greatest  and  wberii  llie 
rttiirdation  is  grealeat.  The  firat  lie  aX  the  point  where  jio- 
neleratcd  ingress  is  written.  We  must  not  chooae  a  station  at 
this  point,  because  there  the  Sun  would  be  on  the  horizon,  und 
therefore  distorted ;  but  taking  the  line  representing  the 
places  where  ingress  is  banning  a  minute  or  ao  later  we  spe 
that  it  passes  QenrWoBhoo  and  Hawtui.  These,  then,  are  good 
Mations  for  observing  this  phase.  Three  or  four  minutes  later 
the  line  passes  Jeddo,  Bonin,  Marquesas,  Otaheite,  and  so  on ; 
and  these,  therefore,  though  not  such  good  stations  as  Hawaii 
or  Woahoo,  are  still  excellenL  We  may  note,  too,  that  at  these 
stations  the  Sun  will  have  a  greater  elevation,  the  actual 
elevation  at  different  stations  being  indicated  by  the  concentric 
circles  marked  witli' d^rees. 

As  renpects  retarded  ingreio,  we  see  that  the  best  station  is 
Crozet  IiJaDd,  close  by  the  point  marked  retarded  ingress. 
But  Ktrguelen'a  Island,  Macdonald  Island,  Amsterdam  Island, 
as  also  Itodrignei,  Mauritius,  and  Bourbon,  are  all  good 
stations  for  observing  this  phase. 

Now  let  us  turn  to  Plate  X.  (o  determine  what  stations  are 
best  for  observing  accelerated  and  retarded  egrexs. 

It  will  be  seen  that  the  place  marked  accelerated  ^ress  &lls 
inconveniently  near  to  the  south  pole.  Only  when  we  reach 
the  CTOBG-lines  marked  11m.  and  IDm.  do  we  come  on  places 
where  stations  oeuld  be  conveniently  taken.  The  lines 
marked  9in.  and  8m.  bring  us  past  sevenl  excellent  stations 
in  New  Zealand ;  and  then  we  come  to  stations  in  South 
Australia  ;  and  on  the  other  side  of  the  arrow-line  we  £nd 
Kemp  Island,  and  (inferior,  but  still  serviceable)  the  Macdonald 
Islands,  Kerguelen,  and  Crozet. 

Lastly,  as  respects  retarded  egress,  we  find  an  abundance  ot 
excellent  stations,  the  beat  being  in  Siberia  and  Eastern 
European  Busaia;  but  there  are  several  excellent  stations 
in  India ;  *  while  Alexandria  will  supply  a  very  suitable  place 
of  observation. 

*  Ttia  ver;  b«st  atation  in  Engliih  teiritory,  Dsmdj  Feabsimi — for 
DopericiT  to  Alsiandiia  both  as  nspecta  tho  uaauDt  of  rebLrdation  and 
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Tables  at  the  close  of  thin  Appendix  exhibit  the  actual 
amount  of  acceleration  snd  retardatiom  at  the  Beveral  stations 
indicated  in  these  maps,  and  at  some  otliers  not  named  in 
either  plate. 

Now,  aa  respects  Halley's  method,  it  will  be  remembered  (aee 
page  83)  that  we  have  to  consider  that  the  whole  transit  (or  at 
least  the  beginning  and  end)  *  should  be  visible.  We  want 
stations  (these  will  obriouslT  be  northern  ones)  where  the 
trannt  will  last  as  long  a  time  as  possible,  and  other  stationa 
where  the  trannt  will  last  as  short  a  time  as  posnble.  We 
should  therefore  naturally  look  for  northern  stations  where  the 
transit  begins  sa  early  as  possiole  and  ends  sa  late  as  pomible, 
and  vice  versd  as  respects  southern  stations. 

But  when  we  consider  Hawaii  and  Woahon,  where  the 
transit  begins  at  the  earliest,  we  find,  on  turning  to  Plate  X., 
that  these  stations  will  not  suit  our  purpose  ;  for  in  Plate  X. 
they  are  not  visible ;  in  other  words,  before  the  end  of  transit 
Hawaii  and  Woahoo  pass  to  the  un -illuminated  side  of  the 
Earth, — the  Sun  sets,  in  fact,  and  the  end  of  the  phenomenon 
cannot  be  seen.  In  like  manner,  if  we  take  those  atations  ahqwn 
in  Plate  X.  which  are  moat  suitable  for  observing  the  retarded 
egress,  we  find  that  at  the  epoch  represented  in  Plate  X.  ihey 
are  not  visible ;  in  other  words,  they  are  on  the  un-illuminated 
aide  of  the  Earth,  or  the  Sun  has  not  yet  risen  at  these  stations 
when  transit  begins. 

Jt  needs  but  a  brief  study  of  the  two  Plates  to  see  that  the 
stations  which  give  the  longest  duration  are  those  in  Manr 

solar  elevation — had  wbolly  neaped  notice  unlil  dij'  coastmction  of  Plate 
X.  (reduced  ftom  the  giith  plat*  of  thn  original  series  diawa  bj  me  lor 
the  Boy  si  Astronomic&l  Suciety,  and  pablished  in  vol.  izix.  of  their  iVn- 
credinga)  exhibited  the  advantHgre  of  this  etntion. 

■  This  parenlheticitl  remnrk  msv  meni  strange  at  first  sight;  but  it 
mn>t  bo  remembered  that  there  are  lonchem  scationj  (thongh  I  do  not 
ssy  sn;  ia  this  i-ase  ore  available)  vhere  the  beginning  of  the  traDsit 
cBD  be  seenbefom  Bunset  and  the  end  after  snnriae.  It  is  onlj  neces- 
sary l«  gtudy  PUtes  JX.  and  X.  thoughtfoltj  ia  order  to  ue  that  this 
is  the  case. 
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chouria,  Japan,  aniJ  North  China,  whose  names  are  shown  in 
both  maps. 

Now,  as  regards  the  eouthem  stations  where  the  shortest 
danition  is  to  be  observed,  we  have  in  some  respects  a  wider 
selection,  for  the  obvioux  reaaOD  that  day  lasts  longer  at  these 
eouthem  stations  in  December  (a  relation  corresponding,  of 
course,  to  the  longer  portions  of  sonthera  latitude-parallels 
shown  in  both  maps). 

We  require  to  find  a  southern  station  where  the  tranut  will 
begin  SB  late  and  end  as  early  as  possible. 

All  the  ststiona  by  the  place  of  most  retarded  ingress  in  Plate 
IX.  are  shown  also  in  Plate  X.,  but  in  the  latter  plate  they  are 
seen  to  be  very  fiir  from  the  place  of  most  accelerated  egress. 
On  the  other  hand,  die  stations  near  the  latter  place  in  Plate 
X.,  though  all  visible  in  Plato  IX.,  are  seen  in'the  latter  plate  to 
be  very  far  from  the  place  of  most  retarded  ingress. 

Thp  best  stations  as  respects  proximity  to  both  the  place  of 
retarded  ingress  and  that  of  accelerated  egress  are  Kemp 
Island,  Knderby  Land,  Sabriua  Land,  and  those  in  the 
neighbourhood  of  these  spots.  All  are  in  very  uoaatisluctory 
and  almost  inaccessible  regions  of  the  Earth's  surface. 

It  happens,  however,  that  Crozet  Island,  Kerguelen  Land, 
Royal  Co.  Island,  and  Macquarie  Island  give  sufficiently  short- 
ened transit-periods  to  afford  very  satisfactory  means  of  com~  < 
parison,by  Halley's  method,  with  the  lengthened  transit- periods 
at  Nertchinsk  and  other  neighbouring  northern  stations. 

As  r^arda  the  elevation  of  the  Sun  the  difficulty  ia  of  course 
greater  at  the  northern  than  at  the  southern  stations.  But  at 
all  the  northern  stations  marked  in  the  maps  the  Sun  will  have 
an  elevation  exceeding  ten  degrees  at  the  epochs  of  internal 
contact 

On  the  whole,  as  will  be  inferred  from  the  tables  at  the  end 
of  this  Appendix,  Halley's  method  will  be  applicable  under 
very  IkvDurable  conditions  during  the  transit  of  lo74.* 

*  It  will  \ie  Ken  that  I  npress  in  the  above  paragrsphs  the  opininn 
that  Halle;'!  method,  which  bad  been  piooounced  '  wholly  iiMpplicabU ' 
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BeTora  proceeding  to  conuder  certain  other  matters  belong- 
ing to  Uif  general  subject,  1  will  briefly  diBcusa  the  ttanait  of 
1882. 

to  the  tmnait  of  1874,  cui  be  applird  under  rer^  fftvonrable  conditions. 
In  rol.  xx'ix.  of  the  Monthly  Notica  of  tht  Sol/al  Antronomkal  Socitt^. 
1  bare  exhibited  the  calculatioDs  lequieite  to  iodicctB  the  probable  rela- 
tive valaea  of  Delislo'i  sad  Esllej'B  method  inlB74;aDd  tlie  coQflution 
to  nhich  these  calenlstioiu  point  a  tbst  Esllej'B  metbod  is  on  the  irbole 
■operior  to  Deliale's.  Somewh&t  before  my  piipen  appeared,  the  French 
aWronomer  Fuiseni  had  published  a  paper  exprfaBing  hie  belief  tliat 
Hallej'B  method  coald  be  applied  under  conditions  enfficientlj  faroarable 
to  render  it  ndriBable  that  that  metbod,  *a  veil  ■«  Deliate'e,  should  be 
employed.  The  aetnal  remits  obtained  by  Pniseni  gave  l>overet  a 
slightly  inrorior  position  to  Halley'a  method.  The  difiereDce  is  dne  to 
the  fact  that  M.  Puiseux  employed  approiimste  instMd  of  exact 
modes,  coQsideriog  the  pasoage  of  Venos's  centre,  for  example,  instead  of 
internal  contacts,  and  taking  no  account  of  the  equation  of  time.  JUy 
results,  not  oaly  as  relates  to  the  several  methods,  but  as  respects  tllnsa 
cases  in  which  I  deduce  different  relatiTe  Talues  for  certain  statioiu 
suitable  for  applying  eilliei  Delisle's  and  Halley's  method,  h«Te  been 
now  abundantly  conSrnied  bj  the  calcaUtions  of  Peters,  Hansen,  and 
others.  They  were  never  indeed  seHonsly  qnestioued,  bei^uae  I  was 
able  to  point  to  the  exact  places  vheie  my  piDcesscH  diieiged  &om 
former  and  less  exact  computations,  and  to  sbow  how  differences  of 
cooslderabte  importance  came  thus  to  be  discernible  in  the  reanlta.  Bnt 
I  must  disavow  all  desire  to  dwell  upon  or  to  magnify  emra  either  of 
computation  or  of  plan  in  the  work  of  the  eminent  astronomer  who  pre- 
ceded me  in  dealing  vith  this  problem.  The  woi4c  was  not  undertaken 
by  mr,  as  I  fear  the  Astronomer  Boyal  judged  at  the  time,  in  any  sprit 
of  captious  criticism.  Deeply  imbned  with  a  sense  of  the  extreme 
interest  and  importsDce  of  the  problem  ofdetarmining  the  Sun's  distaDce. 
and  attracted  to  it  also  by  the  caceedinglj  beautiful  natiira  of  the 
geometrical  considerations  it  involrea,  I  worked  at  it  without  any  refer- 
ence in  the  Snt  place  to  the  laboun  of  othen.  Only  when  I  fonnd  that 
my  results  differed  in  maDyreepecta  (which  seemed  tome,  and  still  seem. 
important)  Stoia  the  Astronomer  Boyal's,  wa4  I  led  to  eomp»re  his  pio- 
cessee  with  my  own,  and  to  trace  out  the  causes  which  led  to  the  differ- 
ence in  the  results.  I  was  prepared  to  find  I  had  &Ilen  into  some  error. 
Aa  the  reverse  appeared,  and  as  his  tesults  had  been  made  widely 
public,  and  were,  as  I  believed,  to  be  made  the  basis  of  the  choice  of 
stations  and  methods  for  English  observers  in  lB7i,  I  should  have 
been  wanting  in  my  aUegiance  to  the  cause  of  ecience  had  I  failed  to 
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In  the  firat  place  it  is  well  to  have  a  picture  indicating  the 
TcIutionH  whidi  Plates  IX.  and  X.  indicate  for  the  transit  of 
1874.  The  time  has  Dot  yet  come  perhaps  when  bo  carefully- 
constructed  a  drawing  in  needed ;  but  a  drawing  of  a  somewhat 
similarnature  is  essential  to  the  adequate  illustration  of  the  sub- 
ject. I  might  avail  myself  here  of  the  Astronomer  Kojal'a  two 
drawings,  which  will  be  found  in  Guillemin's '  Heavens '  (and 
are  repeated,  with  Mr.  Airy's  statement-s,  in  Mr.  Ijockyer's 
'  Elementary  Lessons  of  Astronomy  ')  ;  for  the  corrections  in- 
volved by  the  considerations  I  have  attended  to  in  the  ciise  of 
■  the  transit  of  1874,  have  (for  reasons  which  need  not  be 
entered  into)  a  far  less  important  effect  in  the  case  of  the  later 
tninut.  But  I  do  not  find  myself  on  the  whole  content  to 
adopt  this  course,  partly  because  the  differences  (as  any  one 
will  see  by  comparing  figs.  95  and  06  with  the  Astronomer 
It  oyal's  drawings)  are  quite  appreciable;  secondly,  because  the 
cro!«-lines  which  indicate  the  passage  of  the  boundary  of 
Venue's  shadow-cone  over  the  fiice  of  the  Earth  have  not  buea 
separated  by  minute  inlervnls,  as  in  my  maps  (but  by  tenths 
of  the  total  interval  of  passage),  and  are  not  quite  correctly 
placed ;  and,  thirdly,  because  I  think  it  on  the  whole  moro 
worthy  of  the  student  of  science  to  give  his  own  work  in  such 
instances. 

Figs.  95  and  96  show  the  exact  presentation  of  the  Earth 

publish  the  results  of  mj  resaaicbes.  Oae  thing  alone  tronld  hsTA 
forced  mo  to  publish  mj  Kiolts — namel;  the  fiict  that  it  bad  beea  widely 
announced  tint  in  1882  Halley'a  mediod  conld  be  applied  if  certain 
Anturctic  stiitioas  were  reached,  whereas  my  calcnlationn  serve  to  prove 
that  there  Is  absolutely  no  station  where  Hallej's  method  can  be  applied 
in  18S2  under  conditions  sufficiently  javourable  to  warraDt  the  danger- 
ous expeditions  and  the  protracted  stay  in  Antarctic  Btations  by  which 
alone  the  cvquisitoobaemitioiie  could  be  mode.  I  repeat  here,  nod  urge  as 
the  main  reason  for  the  eamestDess  with  which  I  Jibts  pressed  my  Tiews, 
tbat  to  send  expeditione  t«  survey  the  neifthbourhood  of  the  proposed 
BtBtiona  Dear  Victoria  Land  and  Repalao  Bay,  and  to  select  either  of 
thpse  nri^bonrhoods  for  wintering  in  anticipation  of  the  aummei 
(Antarctic)  transit  of  1SS2,  would  be  to  risk  the  lives  of  British  seamen 
and  men  of  science  wtibout  any  prospect  of  adequate  return. 
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at  the  begining  and  end  of  the  tranrit  of  1882.  The  general 
relations  indicated  correspond  prectaely  to  those  dealt  with 
already. 

As  regards  the  application  of  Delisle's  method  at  ingreas,  we 
liiive  for  the  accelerated  phase  few  convenient  statdons,  those 
bcxt  situated  beigg  very  near  the  Antartic  regions.   Kerguelen'e 

TfiANSIT  OF  1882.    (INGRESS.) 
Fm.  flS. 


IUiiniinat«d  wde  of  the  Earth  at  iogreM,  Dec.  0,  2b.  15id.  oSs 
(QreeDvich  meantime.) 

La  nil,  parts  of  Madagascar,  and  the  Cape  of  Good  Hope 
seem  the  best.  The  retarded  phase  can  be  -viewed  under 
singalarly  fevourable  circumstances,  however,  since  the  whole 
seaboard  of  the  United  States  and  many  inland  towns  there 
and  in  Canada  fall  close  by  the  place  of  most  retarded  ingress. 
Many  West  Indian  etalicina  also  seem  not  unsuitable. 

As  regards  egress,  ive  also  find  a  number  of  well-Buited 
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ahitions,  many  of  wbich  are  identical  with  thoee  just  rererred 
to  aa  well  suited  for  obeerving  the  retarded  ingress.  It  is 
well  that  these  doubly  fortunate  stationa  are  American,  since 
our  American  brethren  in  science  are  &r  more  warmly  sup- 
ported by  their  Government  than  ours   are  (or   perhaps   I 

TRANSIT  OF  1882.    (EGRESS.) 


UlamiiiBted  side  of  the  Earth  at  egnwB,  Dm.  6,  81).  Dm.  32s. 
(Oteenwicb  mean  time.) 

should  say  their  cause  is  far  more  warmly  advocated  before 
their  Government). 

Retarded  egress  can  be  observed  &vourahly  in  New  Zeii> 
land,  and  parts  of  Australia. 

Now,  as  respects  the  application  of  Halley's  method,  I  find 
myself  approaching  a  delicate  subject.  It  has  been  so  long 
asserted  (thirteen  years  at  least)  that  Ualley'a  methdd  is  only 
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applicable  in  1882,  that  many  will  be  disposed  to  ridicule  the 
notion  that  there  can  hare  been  any  mistake  in  the  matter. 
Yet,  confident  in  the  simple  mathematical  relations  dealt 
with  (and  confirmed  also  by  the  view  of  the  matter  now 
steadily  growing  among  mathematicians),  I  point  to  tigs.  95 
and  9G,  and  ask  whom  the  stations  are  to  be  placed  ?  So  &r 
as  the  shortened  transit  observed  in  northern  stations  is  con- 
cerned, there  is  no  difficulty;  since,  as  we  have  seen,  tlie 
commencement  of  the  transit  will  be  most  retarded  at  tlie 
vi^ry  Etntions  where  the  end  will  be  most  accelerated — that  is, 
in  the  United  States,  Bermuda,  the  West  Indies,  and  bo  on. 
But  as  regai'da  a  southern  station  where  the  transit  ahall  be 
moat  lengthenfd,  the  case  ia  not  bo  simple.  The  Aatronomer 
Itoyal  has  pointed  to  two  southern  stations — one  at  Hcpnl^'o 
Ray,  near  Sabrina  Lund,  and  one  near  Victoria  Lsnd.  These 
are  sliown  on  the  map.  There  is  a  double  objection  to  Be- 
piilse  Bay.  First,  the  Sun  will  have  an  elevation  ofbut  about 
4  degrees  both  at  ingress  and  egress  ;  and,  secondly,  there  is  nu 
known  station  there.  The  '  suggested  station '  marked  in 
Mr.  Airy's  maps  (December  number  of  '  Monthly  Notices  of 
lioyal  Astronomical  Society '  for  1868-69)  at  Victoria  Land, 
occupies  a  spot  on  a  shore  line  (explored  by  Captain  Sir  J.  C. 
Hoss)  so  precipitous  that  Ross  could  not  approach  it,  though 
he  would  '  readily  have  given  his  right  arm  '  for  an  anchorage 
there.  At  Possession  Island  near  by,  a  place  where  his  mea 
landed  but  were  compelled  to  leave  by  thefearftil  odour  of  the 
accumulated  penguin  guano,  the  Sun  would  have  the  totally 
insufficient  elevation  of  but  about  5  degrees  at  ingress. 

Now,  remembering  that  it  has  been  shotvn  by  akilM  Arctic 
and  Antarctic  seamen  that  to  make  observations  at  these  so- 
called  stations  on  December  6,  1882,  astronomers  woald  have 
to  winter  there  (making  their  way  to  them  in  February  or 
March,  1882,  at  Utest),  it  surely  will  not  be  thought  that 
the  poor  observations  which  could  alone  be  made  on  a  Sun  but 
4  or  5  degrees  above  the  horizon  are  worth  the  expense  and 
great  risk  which  must  needs  be  involved.  But  even  if  they 
were,  then  n/oMion' would  ihe  application  of  Halley'a  method  in 
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1874  be  called  for ;  eince  I  have  been  able  to  demoiutrate 
that  withont  seeking  auch  dUmal  regions,  a  more  &7oursble 
opportunity  will  be  afforded  in  1874  than  in  1882,  CTen  on 
the  BappoBitioQ  that  the  selected  BtatioDs  were  visited  duriDg 
tJie  latter  tranmt.  And  this  result  hai  been  confirmed  by 
mathematicians  of  emineuce. 

Ab  rcf^ards  other  southern  etations  in  18S2.  it  needs  btit  a 
brief  Btady  of  figs.  95  and  96,  to  see  that  none  are  aTailable. 
All  die  stations  on  the  right  of  the  arrow-line  in  fig.  95,  Bi:d 
close  by  the  arrow-feather,  are  unseen  in  fig.  96 — that  is,  the 
Sun  has  set  at  those  stations.  The  barren  Antarctic  laud  south 
of  Cape  Horn  (Graham  Land)  is  not  very  favourably  situated  in 
fig.  95,  but  in  fig,  97  has  passed  over  to  the  wrong  side  of  the 
central  cross-line;  in  other  words,  there  is  acceleration  of 
egress  instead  of  the  needed  retardation.  Similar  remarks 
apply  to  the  southern  parts  of  South  America.* 

So  ikr,  then,  is  it  from  being  true  that  Halley's  method  is 
wholly  inapplicable  in  1874  but  is  applicable  under  fiivour- 
able  circumsiancea  in  1882,  that  the  exact  reverse  is  the  case. 
Halley's  method  is  even  better  than  Oelisle'e  in  1874,  and 
is  wholly  inapplicable  in  1882. f 

>  Tbe  leaaoning  in  the  note  begioaing  on  p.  37  will  be  fbaod  to  b« 
well  illostnled  b;  a  conipari»on  of  Flatfa  IX.  and  X.  with  figs.  05  and 
96.  It  will  be  seen  that  in  the  transit  of  1874  the  rotation  of  the  Earth 
carries  the  northem  itationa  the  vrong  way  as  regards  tliat  Isugtheuiiig 
vhicb  is  required ;  while  in  ihe  (TSDWt  of  1682  the  northern  sladona  are 
carried  the  right  tcay  for  the  ehortening  which  ie  required.  As  to  the 
soaUiem  stations,  it  will  be  seen  how,  according  as  the;  lie  above  ex 
below  tbe  pole  (»s  shown  in  the  map*},  the  lengthening  or  shortcaing 
can  be  increased  or  diminished.  It  is  the  &et  that  no  stations  below 
the  pole  are  suitable  in  1882,  which  spoils  Che  otherwise  sound  reasoning 
of  the  Astronomra  Rojal. 

t  ItwiUbeseenfromflg.eSthatthepathof  the  EaitbenMBea  tbe  sur- 
face of  the  shadow-cone  much  more  obliqneljihlSTi  than  in  lSS3iaDd,sa 
this  path  is  as  it  were  Ihe  reflexion  of  thesppaient  patli  of  Venns  over  the 
Sun's  disc,  Venna  crosses  the  limb  much  more  obliqnel;  in  1874  tbanin 
1883.  Thus  tbe  actual  pn^;reBa  of  ingress  and  egress  must  take  plaeo 
much  more  alowlj.  Mr.  Stone  believes  that  all  time-errors  will  be 
correspandingljr  increased.    The  comparison  abore  referred  to  is  founded 
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And  now  X  propose  to  indicate,  id  conclusion,  conwderations 
wbich  lead  me  to  believe  that  the  direct  method  of  deter- 
miniug  the  actual  parallactic  displacement  of  Venus  on  the 
Sun'fl  disc  can  be  applied  nnder  Tery  &rourable  circumstances 
during  the  npproaching  transits. 

Let  u8  first  consider  if  we  cannot  in  part  diminish  the 
difEculties  which  seem  inherent  in  this  method. 

Suppose  an  obaerrer  at  one  station  sees  Venufl  at  a  giyen 
epoch  as  at  A  (fig.  97,  T.),  while  at  the  same  epoch  another 
observer  sees  her  at  b.  Then  it  is  perfectly  obrious  that  in 
such  a  case  as  is  illustrated  by  I.,  when  the  two  obserratioiui 

Fio.  »T. 


lUuitntiiig  the  diaplscemrnt  of  Tenua  u  ae^n  from  different 
tematciai  stations  during  tiaoBit. 

are  brought  into  comparison,  any  error  a&ecting  the  bearing 
o£  Bot  A  from  C  will  tend  to  produce  its  ^11  effect  in  increas- 
ing or  diminishing  the  parallactic  displacement  separating 
A  and  B.     But  now  suppose  that  a  and  (  in  XL  represent  the 

on  this  opinion,  Tery  DDfaTourable  to  my  views.  T  must,  however,  ex- 
press  my  own  eonviction  that  though  the  time-eTrora  will  be  larger  in 
1874  they  will  not  be  pioportiDuatdy  inereased.  The  slowness  of  iogress 
and  egress  will  gire  the  obserrer  an  opportunity  of  abserring  the  fe&tarcs 
of  ingress  and  egmm  more  satisbctorily.  Especially  if  my  suggeaCittB 
is  attended  to  as  regaids  the  breadth  of  the  ligBmeat  at  the  moment  of 
breaking  or  formJDg  (see  p.  6S}  will  this  be  the  case.  Apart  fromthi!, 
•s  ail  the  time-differences  ire  increased  precisely  ia  proportion  to  thr 
■lownesB  of  ingress  or  egress,  a  very  slanting  passage  is  omlfrit  pariit' 
as  farourable  u  a  more  direct  one. 
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true  apparent  pouUona  of  Teniu  as  seeD  from  the  two  stations 
— o,  b,  and  c  (the  centre  of  the  Sun's  disc),  lying  on,  or  nearly 
on,  a  line,  Then  it  is  clear  that  a  small  error  of  bearing  will 
produce  no  appreciable  effect  in  increasing  or  diminiaUng  the 
parallactio  displacement  separating  a  and  b. 

Hence,  since  distances  are  much  more  eouly  determined 
than  bearings  in  obserrationE  such  as  are  here  coDudered,  it 
is  obviotiB  that  if  we  select  pairs  of  stations  where  the  paral- 
lactic displacement  of  Venus  will  be  along  a  radios  of  the 
Sun's  disc,  the  resniting  estimate  of  the  distance  of  Tenus  is 
much  more  likely  to  be  correct  than  in  any  other  possible 

Now,  if  we  inquire  what  ara  the  conditions  to  be  ful&Ued 
ibr  this  pnrpose,  we  shall  find  it  exceedingly  easy  to  obtain  a 
geometrical  means  of  determining  what  the  answer  should  be. 
Lines  drawn  to  Venus  from  two  stations  on  the  Earth  meet 
the  Sun's  disc  on  a  radivs,  if  they  are  to  fulfil  the  required 
conditions.  In  other  words,  these  lines  are  in  a  plane  which 
passes  through  the  Sun'a  centre,  and  of  coarse  they  are  in  a 
plane  through  Venue's  centre,  since  each  passes  through  that 
centre.  Hence  they  ore  in  a  plane  through  the  axis  of  the 
cones  shown  in  fig.  92 ;  for  this  axis  passes  through  the  cen- 
tres of  Venus  and  the  Sun.  But  a  plane  through  the  axis  of 
these  cones  must  intersect  such  a  section  as  v  v'  in  figs.  92 
and  98  in  a  radial  line.  Hence  the  two  terrestrial  station* 
must  at  the  moment  of  observation  be  on  a  line  through  o  in 
fig.  93.  Now,  the  tlanting  linei  over  Plate  VIII.  are  euch 
radial  lines ;  and  therefore  any  two  statioru  uhich  in  angjigure 
of  this  plate  fie  along  one  of  the  alanting  lines  fulfil  the  required 
conditions.  They  must,  however,  be  aa  fiir  apart  as  possible. 
For  example,  taking  the  fifth  pcture  of  the  Earth  in  Fhite  VIU., 
we  see  that  Japanese  stations  and  a  station  near  Crozet 
Island  could  be  very  effectively  combined  at  the  hour  named 
under  this  particular  presentation  of  the  Earth. 

Of  course  the  best  of  all  such  opportunities  would  arise 
when  the  two  stations  lay  near  opposite  extremities  of  one  of 
the  crosB-Unes  traversing  the  middle  of  the  Earth's  disc. 
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"Dm  TBiioiiB  atatioiu  which  fiilGl  the  reqoiied  condidoiu 
can  be  Tery  mdilj  determined  from  ■  atudjr  of  Plate  VIII. 

The  application  of  photogiaphj,  aa  pzopoaed  hy  Mr.  Do  La 
Rue  and  Lient.-CoL  Tennant,  would  be  greatlj  facilitated  by 
tlie  dioice  of  atationa  on  the  principle  here  enunciated.  (See^ 
farther,  my  paper  in  the  '  Honthl j  Notioea  of  the  Boyal  Aatio- 
nomical  Socie^,'  No.  S,  toL  xzx.) 

The  following  tables,  which  I  have  calculated  with  great 
care,  supplement  this  eeeaj,  and  serve  to  exhibit  the  qnalities 
of  the  principal  stations  snited  for  obaerriog  the  transit  of 
1874,  either  as  reapecto  De  Lisle'a  or  Halley's  method : — ^ 
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TRANSIT  OF  1874. 
Ingnu         Tuu  XL — ftaca  • 
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mam 

radon  In 

atatk* 

UUnin 
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tlM> 

mlBBtn 

dts. 

B. 

dw- 

^ 

Woahoo  .        .        . 

19-8 

ii'a 

CrocetlsUnd.        . 

15-0 

]t« 

Hawaii    . 

l»-7 

111 

Enderbj  Land 
KerpjalBo  I*nd       . 

20-0 

11-8 

Alton  I<L,  AlandaD  . 

10-8 

ID'S 

27-6 

ll-« 

17-7 

79 

Hai^loDAld  laUiMl    . 

31-0 

US 

MouthofAmoora.. 

14-0 

r-6 

KempliUiid   . 
Bourbon  Iiland 

3U-0 

11-1 

Jeddo       .          .         . 

S3-1 

S-8 

12-4 

111 

Otahntc  . 

29-7 

6-4 

Mwmtini        .        . 

14-1 

10-7 

101 

fi-8 

u-i 

10-X 

TsiOikar 

17-0 

S8 

16-0 

w 

Eirin-Oola 

IS-A 

6-7 

aabriu  lADd  . 

4S-0 

8-S 

KagaaaU 

82-7 

«■» 

AdilieLand    .        . 

45-0 

«8 

TienUiD  . 
Fekia       . 
Sluiwhai 

22-2 
20-8 
S8-6 

6-0 
4-3 
S-S 

South  Victoria  Li  . 
Peith  [Autralia] 
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APPENDIX  B. 


ECLIPSES. 

Solar  Eclipses  play  so  important  a  part  in  aiding  our  study 
of  tlie  SuD,  that  this  work  would  be  incomplete  witJiout  an 
account  of  the  laws  according  to  whicli  theso  phenomena 
ocCQr.  Bven  lunar  eclipses  bear  significantly  on  certain 
qoeatiouB  of  hoIut  physica ;  so  that  since  the  two  orders  of 
eclipses  cannot  very  well  be  considered  apart,  the  general 
theory  of  eclipses  will  be  presented  in  this  essay.  This  is 
the  more  desirable  becauBe  in  all  the  populai  treatises  on 
astronomy  with  which  I  am  acquainted  the  subject  of  eclipses 
is  but  inadequately  dealt  with.  I  wish,  without  entering 
into  the  discussion  of  minutise,  to  convey  a  clear  idea  of  the 
orderly  sequence  which  character! bob  the  occurrence  of 
eolipses. 

Let  the  reader  first  endeavour  to  conceive  the  Moon's  orbit 
as  a  ring  accompanying  the  Earth  as  she  moves  onward  in 
her  path  round  the  Sun.  This  ring  is  not  truly  circular,  nor 
is  the  E!artli  at  its  centre,  nor  does  it  occupy  a  fixed  position 
in  space,  nor  is  its  size  invariable  ;  but  all  these  points  we 
may  for  the  moment  overlook.  The  one  point  to  which  I 
desire  the  reader  to  direct  bis  special  attention  is  the  &ct  that 
this  orbit  (neglecting  perturbations)  is  to  be  conceived  as  ac- 
companying the  Earth  and  shifting  parallel  to  itself  along  the 
Earth's  orbit ;  so  that,  as  seen  from  the  Sun,  this  orbit 
changes  in  shape  precisely  in  the  sama  way  that  the  Earth's 
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equator  changes  during  tlie  course  of  a  year.  The  orbit  may 
be  said  in  fuel,  to  have  its  aiimmer  and  winter  and  its  equinoxes, 
correnponding  to  the  epocha  when  it  ia  tilled  with  its  northern 
or  southern  side  towards  the  Sun,  or  when  ila  plane  is  turned. 
directly  towards  him.  The  orbit  opiens  out  and  close*  up 
precisely  as  the  ring-ayatem  of  Saturn  does,  only  in  the 
course  of  rather  less  than  a  yearin^itead  of  nearly  thirty  years, 
and  alsn  within  much  narrower  limits  of  change. 

There  are  reasons  which  render  it  uniidvisable  to  attempt 
to  illustrate  the  motion  of  the  Moon's  orbit  around  the  Sun 
directly ;  the  chief  being  that  the  distance  of  the  Earth  from 
the  Sun  BO  enormously  exceeds  the  diitmeter  of  the  Moon's 
orbit  that  a  picture  accurately  drawn  to  scale  and  intended  to 
show  the  Itlnon's  orbit  ought  to  be  several  yards  in  diamet«r. 
On  the  other  hand,  pictures  not  drawn  to  scale  are  most  un- 
KHtiBtactory  illustrations  of  astronomical  relations.* 

Let  us,  however,  picture  the  Moon's  orbit,  na  supposed  to 
be  seen  from  the  Sun's  centre  at  different  epochs  of  its  pasaagQ 
around  that  orb. 

First  of  all,  let  us  consider  the  orbit  when  bo  placed  m  to 
appear  like  a  straight  line  across  the  Earth's  disc.  It  is  then 
as  shown  at  I.  in  tig.  98 ;  iu  which  e  represents  the  Earth,  nini' 
the  Moon's  orbit,  u  the  Moon  at  a  point  on  her  orbit  (this, 
merely  to  indicate  her  relative  dimensions) ;  and  the  dotted  line 
a  part  of  the  Enrtli's  path  (that  is,  a  part  of  the  ecliptic).'  The 
arrow  on  this  line  shows  the  direction  in  which  the  Earth  ia 
moving  while  the  small  arrow  on  mm'  shows  the  direction  of  the 

*  I  am  convinred  that  a  Urga  part  of  the  perplexity  which  InteUigPot 
nnd  thoupbtful  readers  expeneace  ia  the  study  of  astronomioil  works  is 
due  to  the  incomct  proportions  of  the  figured  objects  -orbila.  ^bn, 
aad  so  on.  1  believe,  sleo,  that  but  for  ihrae  monetnnu  pictures  the 
cbarlnlaDB  yrbo  pretend  they  think  the  Garth  a  plane  or  the  like,  would 
not  find  hearen,  still  lees  (ss  they  do)  believers.  I  know  many  worthy 
people,  far  from  wanting  in  abilitiea,  who  only  belieTe  the  IheorieB  of 
CopemicuB,  Xcpler,  and  Newton,  on  the  score  of  suthorit;,— not  because 
the  BTideDce  in  astronomical  treatisce  aeems  to  them  convincing  or  eveo 
intelligible. 
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Moon'd  motion.  It  ia  to  be  noted  that  the  arrow  is  supposed 
to  lie  on  the  nearer  part  of  her  orbit  in  all  the  presentations 
included  in  fig.  98. 

Now,  the  Earth  moving  off  towards  the  left,  while  the  orbit 
m  m'  moves  along  with  her  and  parallel  to  itself,  it  is  perfectly 
obvious  that  we  shall  begin  to  see  the  orbit  open  out,  its  lower 
side  (r^arding  it  as  a  plane)  becoming  visible.     In   other 

Fro.  98. 


lUoKtrating  the  apparent  changes  of  the  Sgnre  of  the  Mouq'h  orbit 
a«  supposed  to  be  riewed  from  the  Sun. 

wordit,  it  will  begin  to  assume  tuch  an  appearanoe  as  is  shown 
Ht  II.  the  nearer  half  uppermost  and  the  ^ope  diminished  (the 
figures,  letters,  and  aiTows  representing  the  same  relations  as 
before.) 

But  to  simplify  matters  at  this  stage,  let  us  consider  the 
changes  in  another  aspect  Since  the  Earth  is  going  off  towards 
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tb«  left  and  round  the  obBerver,  who  is  Bupposed  to  be  at  the 
Sun's  centre,  it  ia  pkici  that  the  same  changes  will  take  place 
in  the  appearance  of  the  Moon's  orbit  aa  though  the  latter  re- 
mained fixed  and  the  obwrrer  set  off  tovarda  the  right,  and  ao 
went  round  the  Earth.  But  we  get  the  aame  changes  of  view  in 
going  round  an  object  as  though  we  remained  stiU  and  the 
object  aimpfy  tumed  round.  For  example,  let  fig.  99  represent 
a  pl&nt  in  a  flower-pot,  and  suppose  that  an  observer, 
Fia,  99.    keeping  his  eye  on  a  level  with  the  rim  of  the  flower- 

ipot,  went  round  the  pot,  setting  off  towards  the  right ; 
then  it  is  perfectly  obvious  tliat  be  would  see  the 
same  successive  views  of  the  plant  as  though  he  re- 
mHined  still  and  the  flower-pot  were  slowly  twirled 
(not  shi/led)  by  means  of  the  suspending  cords  in  the 
direction  indicated  by  the  arrow.  Applying  this 
consideration  to  the  case  in  hand,  we  may  conceive 
X  in  fig.  98  to  be  slowly  rotated  on  the  axis  a  of,  carrying  the 
orbit  mm'  with  it,  as  if  that  orbit  were  rigidly  attsdied  to 
£ ;  the  rotation  being  such  as  to  cany  tlie  nearer  part  of  the 
orbit  towards  the  left.  Thai  all  the  changes  of  appearance 
will  be  precisely  the  same  as  occur  in  the  actual  case  in 
which  the  Earth  moves  bodily  off  towards  the  left  around  the 
observer  in  the  Sun.* 

*  TMb  mode  of  conaidcring  the  caM  is  not  onlj  vsiy  eonrenient  in 
this  Bpecisl  inMsnce,  but  also  in  maoy  other  atrt.  In  nich  a,  waj,  a 
much  clearer  eoDception  may  be  formed  of  the  orderly  snccruion  of  the 
seasons  (see  mj  Sui  Vimm  of  tie  Earth)  than  bj  the  Ordinuy  waj  of 
concemng  the  Earth  on  her  progrFse  around  the  Snn,  a  conception 
rendered  difGcult  to  the  general  reader,  on  account  of  the  twofold 
etden  of  change — change  of  plsce  and  chsoge  of  relatiTe  bearing — 
which  hsTe  to  be  attended  to.  In  like  manner,  the  chaogee  in  the 
appearance  of  the  Satumisn  rtng-ajsteia,  aa  supposMi  to  be  amn  from 
the  Snn,  are  for  better  understood  in  this  wsy  than  in  any  other.  The 
geoenl  [vinciple  on  which  this  mode  of  considering  such  cases 
depends  nay  be  thus  enunciated : —  WAai  a  body  or  ijf^aK  Mft* 
panUtel  to  iittlf  tu  it  circfM  armmd  a  centre,  the  e\aiigt»  in  lie  apptar- 
anoe  of  tit  body  or  tytlem,  at  mippoted  to  be  Mm  /ram  tiai  eantre,  art 
preeiteiy  tie  tame  tu  tiougk  ike  body  or  tytteta  rotated  en  an  axit  at 
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The  reader  will  at  once  aee  bow  the  roocessive  ftppearancea 
repreBcnted  in  fig.  98,  from  I.  to  IX.,  woald  lesult  from  thia 
ample  rotation  of  tlie  whole  scheme  upon  a  ti.*  We  see  the 
orbit-ring  opening  out  and  hecomisg  level,  closing  up  and 
becoming  inclined  with  the  left  extremity  uppeimoBt,  opening 
oat  again  and  again  becoming  level,  and  lastly  closing  up  and 
becoming  inclined,  aa  at  first,  with  the  ri^t  extremity  upper- 
most The  whole  rotation  is  supposed  to  take  place  in  the 
course  of  a  year,  because  the  Earth  lakes  one  year  in  completing 
her  circuit  Further  on  we  shall  have  to  consider  a  pecu- 
liari^  which  causes  all  these  changes  to  take  pince  in  rather 
leas  dian  a  year ;  but  for  the  present  we  are  not  concerned 
with  details  of  the  sort. 

Now,  it  only  needs  a  glance  at  fig.  98,  to  see  that  when  the 
orbit  is  presented  aa  at  I.  there  will  be  an  eclipse  of  the  Earth 
if  the  Uoon  is  on  the  nearest  part  of  her  orbit,  and  an  eclipse 
of  the  Moon  if  the  Moon  is  on  the  farthest  part  of  her  orbit 
For  it  is  to  be  remembered  that  we  are  supposed  to  be 
stationed  at  the  Sun  ;  so  that  if  h  hides  any  part  of  e  from  us 
(t.8.,  from  the  Sun)  that  part  of  e  must  be  in  shadow ;  while 
if  E  hidea  any  part  of  h,  or  the  whole  of  h,  from  ua,  that  part 


right  angle*  to  tit  plane  of  He  aetual  oriil,  t»  a  JtreetitM  eontrary  la 
iiat  iif  ite  real  motion,  and  in  tie  tame  period.  In  aueh  a  caM  a*  the 
Qlnabation  of  the  Baith's  teasoni,  we  must,  after  conBideriDg  each 
change  of  beaiing,  cooudei  the  dSM  of  a  ODmpIele  ntation  of  the 
Eailb  oc  ber  own  axis ;  jnet  sa  in  the  case  dealt  with  in  the  text  we 
oonaidei  ths  Hoon'i  rerolntion  in  her  orbit  in  adiJition  to  the  lacceasiTe 
chaagea  in  the  aspect  of  the  orbit.  In  in;  Suit  Fitiee  af  the  Earth  the 
twolye  snccesiiva  plates  eoTr«Bpoad  to  twelve  change!  in  the  Earth's 
general  preeenta^on  towardi  the  San  dariog  the  coune  of  the  iwelre 
months,  while  the  tuni  pietorae  in  each  plate  comepond  to  the  changes 
in  the  conne  of  a  day  (at  inlervsla,  tberefbre,  of  six  honn),  owing  to 
the  Earth's  rotation.  So  illnatzated,  this  method  of  coaiideiing  Che 
subject  of  the  seasons  becomes  ungalarij  simple  and  tntthfol. 

*  Of  coarse  the  arrow  on  m  W,  sad  the  globe  of  the  Moon  at  ■,  are 
simply  pnt  in  each  flgnre  at  that  part  of  the  orlnt  which  is  most  oon- 
venient,  and  are  not  lappoaed  to  be  carried  ronad  with  the  rotation 
hem  specially  dealt  with. 
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or  the  whole  of  H  is  inehiidow.  But  when  the  orbit  bpreseDted 
— a  quarter  of  a  ye&r  later— aa  at  ill.,  there  can  be  no  eelips^ 
wherever  the  Moon  may  be  on  her  ocbiL  A  quarter  later, 
when  the  orbit  is  presented  aa  at  V.,  the  same  state  of  thii^ 
results  aa  at  the  beftimuDg ;  aad  yet  another  quarter  later, 
when  the  orbit  is  presented  as  at  VII.,  no  eclipse  is  possible. 

The  figure  is  dmwn  aa  nearly  as  poasible  to  scale,  and  we 
tee  that  the  intermediate  presentations  of  the  orbit  as  at  II.,  III., 
VI.,  and  VII.,  are  such  that  there  can  be  no  eclipses.  We  infer, 
therefore,  that  eclipses  can  only  happen  when  the  orbit  is  pre- 
sented as  ahown  at  I.,  and  for  some  relatively  ahort  time  before 
and  after  diat  epoch.  At  such  times,  whenever  the  Moon  (n) 
croseeatheplaceof  E, on  tlie nearer  or  fiullter  ha'f  of  m's  orbit, 
an  eclipse  must  occnr.  But  after  that  eclipee-season  (if  I 
may  invent  a  word)  haa  passed  there  can  occur  no  eclipses  of 
either  sort  until  nearly  half  a  year  has  passed  and  the  presen- 
tation of  the  orbit  has  approached  that  shown  at  V.  Then,  for 
a  while,  eclipses  are  possible.  E.8stly,  after  this  eclipse-season 
has  paased,  another  period  of  nearly  half  a  year  passes  during 
which  eclipses  cannot  happen.     And  so  on  continoaUy. 

All  this  is  perfectly  nmple  and  obvious.  The  rect^nitioD 
of  the  &ct  that  these  eel  ipse- aeaaona  recor  at  intervals  of 
about  half-a-year  tends  alao  importantly  ta  simplify  the 
consideration  of  the  whole  matter.  Let  me  note  in  paaung 
that  the  term  ecUpee-aeason  is  not  ill-chosen,  inaamucli  aa 
one  eclipse  at  least  must  needs  takes  place  while  the  presen- 
tation of  the  orbit  is  changing  through  the  critical  aspects, 
such  as  I.,  v.,  HL  (fig.  98),  and  so  on. 

Bat  let  us  now  enter  somewhat  more  into  detula.  And 
first  let  us  inquire  how  much  the  orbit  m  m'  must  be  op^ied 
out  in  order  that  the  Moon  (u)  may  paasclear  of  e,  whether  oo 
the  nearer  or  ferther  nde,  in  such  sort  that  there  may  be  no 

We  have  hitherto,  for  convenience,  supposed  the  observer 
at  the  Sun's  centre.  But  now  we  must  give  him  liberty  to 
traverse  the  whole  of  the  Sun's  globe;  or  nther  we  may 
suppose   that   millions  of  eyes  placed   all    over  the   Sun's 
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Bur&ce  are  viewing  the  changes  pictured  in  £g.  98.  For  if 
OM^  put  of  the  Sun  is  concealed  from  the  Earth  or  Moon  a 
solar  or  lunai  ecli  pee— partial  or  otherwise — is  in  progrera. 

Now,  Buppoee  the  Earth  and  Moon,  as  seen  from  the  Siin'a 
centre  when  the  Moon  ia  passing  close  bj  E  in  fig.  98,  to  be  re- 
presented \iy  the  discs  e  and  n  (fig.  100.)  Then  m  is  either 
on  this  side  of  c  or  beyond  e — that  is,  it  is  either  new  Moon 
or  full. 

First,  suppose  x  on  this  side  of  e.     Then  if  our  observer 


Fia.  H 


leaves  the  Son's  centre,  and  goes  to  the  vpptmioat  point  of  the 
Sun's  Eur&ce,*  both  Band  k  will  wem  lower  down  on  tlie 
background  of  the  henTens — E  bj  about  sixteen  minutes  of  arc 

*  1  use  here  the  fmniliar  expression  uppermoit  and  further  on,  the 
familiar  eipreuion  Invrrmotl,  It  is  not  itlwiija  th^  ctun,  liaweTpr,  that 
^miliar  eipreMionn  ire  the  moat  intelligible.  I  could  cite  insttuicpe 
&om  Mreml  popular  wo^  on  uetrananiT  to  show  tbat  the  nae  of 
fcmiliu  and  ordinsiy  ezpreraioiu  maj  mult  in  tbe  most  peiplpiing  sod 
in  realit;  nntrue  slatetneata.  In  the  preaent  ingtsnce,  the  term  upper- 
mat  refers  to  the  reUtioni  presented  in  fig.  100,  and  the  uppermost 
point  on  the  Sim  vill  be  readily  undentood  to  aignify  the  point  on  the 
Son  eorreepoBding  to  the  point  <  on  tbe  globe  E  repreecnling  the  Earth. 
In  aji;  general  sense,  the  term  uppermoat  has  no  mesniug  as  applied  to 
the  Mlestial  bodies,  and  must  be  dsaeed  in  the  aame  roti^ry  with 
Hum;  eipressions  (loo  oftsn  met  with  in  tctentifle  treatises)  whoce  very 
simplicitj  ie  misleading. 
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(half  tbe  Sun's  di&meter  as  seea  from  the  Earth),  n  somewhat 
more  as  being  nearer  to  tfae  Sun.  And  a  very  little  conudera- 
tioD  will  show  that  m  wiU  be  thus  tiirown  downwards  with 
respect  to  e,  to  a  position  as  m',  such  that  m  m'  bears  to  c  m 
tlie  saate  proportion  that  the  Son's  semi-diameter  (as  seen  at 
tiiie  time  from  the  Earth)  bears  to  the  Moon's.  On  the  other 
hand,  if  our  observer  proceeds  to  the  lowermoHt  point  of  the 
Son's  Bnr&ce  he  will  see  llie  Uoon  projected  as  &r  upwards, 
or  to  the  position  u''  m".  And  clearlj,  bj  shifting  his  place  b> 
other  portions  of  the  Sun's  edge  as  seen  from  the  Barth,  lie 
would  seethe  Uoon  shifted  in  other  directions;  the  whole 
region  covered  by  the  Moon  during  these  excursions  corre- 
sponding to  the  circle  m'  nt",  whose  diameter  bears  to  tfae  dia- 
meter of  M  the  same  proportion  which  the  Sun's  apparent  djs~ 
meter,  added  to  the  Moon's,  bears  to  the  Moon'sdiameter  alone. 

Now,  if  any  portion  of  this  circle  m'm"  overlaps  the  circle 
B  e,  there  will  be  a  solar  eclipse ;  and  this  amounts  to  saying 
that  if  half  the  lesser  axis  of  the  oval  orbit  m  m'  in  fig.  98  be 
less  than  the  amount  correq>onding  to  c  «"  together  with  c  m'  in 
fig.  100,  there  will  be  a  solar  eclipse  when  the  Moon  is  paanng 
bjE. 

And  clearly  we  shall  have  precisely  the  same  relations  when 
the  Moon  is  close  by  e  on  the  further  part  of  &e  orbit.  The 
only  difierence  in  the  reasoning  depends  on  the  circumstance 
that  when  our  imagined  observer  goes  to  the  uppermost  part 
of  the  Sun,  the  Moon  is  raised  instead  of  lowered  withreqtect 
to  the  Earth,  and  vice  vend.  Btit  we  stall  get  a  circle  such  as 
m'  m"  in  fig.  100. 

Hence  it  appears  that  so  long  as  the  orbit  mm' in  fig  98  has  no 
greater  opening  than  that  corresponding  to  the  sum  of  the 
diameters  of  the  lurcles  t  tf  and  m'  m"  in  Gg.  100,  there  will  be 
a  solar  or  lunar  eclipse  when  the  Moon  is  passing  by  e 
(fig.  98)  either  on  the  nearer  or  further  part  of  her  orbit. 

But  we  can  readily  toll  (with  sufficient  approximation 
for  our  present  purpose*)  how  long  the  orbit  tn  tn'  (fig,  98) 

*  I  hsTS  purponljr  omitted,  so  fu,  all  refeteacs  to  oirtab  circom- 
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X^t»  in  chaD^ng  (rom  the  appearance  ahown  at  I.,  V.,  and  IX. 
to  Bocb  a  degree  of  opening  as  en&bles  the  Moon  to  paes  by  e 
without  an  eclipee,  and  thus  we  can  readily  tell  what  must 
happen  during  our  '  eclipee- aeawne.' 

For  this  purpose,  we  may  now  take  into  conaideration  a 
circumstance  hitherto  left  out  of  sight — the  &ct,  namely,  that 
the  Moon's  orbit  doea  not  move  strictly  parallel  to  itself.  It 
would  do  ao  were  the  Sun  powerless  to  disturb  the  Moon's 
motions  aronnd  the  Earth.  But  as  a  matter  of  fi>ct  the  Sun 
largely  inflnencea  those  motions.  Much  in  the  same  way 
that  by  acting  on  the  protuberant  mass  of  the  Earth's  equtf 
torial  r^ons  he  causes  the  Earth's  axis  to  away  oonically 
ronnd  the  direction  of  a  perpendicular  to  the  Eai'th'a  orbit — 
making  the  pole  of  the  heavens  trarel  in  a  circle  aronnd  the 
pole  of  the  ecliptic  in  a  period  of  more  than  25,000  years — 
so  he  cauaea  the  line  through  the  Earth  at  right  angles  to  the 
Hoon'a  orbit  to  sway  conically  round  the  direction  of  a  per- 
pendicular to  the  Earth's  orbit,  making  the  pole  of  the  Moon's 
orbit  travel  in  a  circle  around  the  pole  of  the  ecliptic  in  a 
period  of  rather  more  than  18^  years,  or,  more  exactly, 
6799391080  days.  The  motion  of  the  nodea  of  the  orbit- 
that  ia,  of  the  points  in  which  the  orbit  crosses  the  plane  of 
die  Earth's  orbit — iaprecestumal,  like  the  corresponding  motion 
of  the  nodes  of  the  Earth's  equator — that  is,  the  YioAeaadvance 
aa  it  were  to  meet  the  Moon.  It  ia  easy  to  see  the  efFects  of 
this  motion  on  the  reasoning  applied  to  fig.  98.  Suppose 
mem'  (fig.  101)  to  represent  the  line  in  which  the  plane 

Btonns  which  aff^t  Ihfl  dstniLa  abore  considned,  without  affset'ing  the 
general  rsBsoniiig.  For  euuople,  the  orbit  of  ths  Mood,  aa  men  tiata 
the  Son,  a  not  trtilj  an  ellipse  aniand  the  Euth  oj  eratn  (without 
referring  to  penorbationi  or  the  like).  Segarding  the  Uooa'a  orbit  for 
the  moment  aa  a  circle  about  the  Earth  ai  centra,  a  diameter  of  this 
circle,  lu  aeen  from  ifae  Sun,  would  not  appear  Co  be  bitectad  at  its 
teal  point  of  bisection — nnlen  it  were  at  right  angle*  to  the  line  of 
Tiew — for  iu  two  halTea  would  not  be  at  exactly  ei^ual  diaCancn  &odi 
the  inppossd  obserTer.  This  and  many  otber  aimilar  pointa,  though  all- 
important  in  an  analytia  of  the  details  of  eclipMs,  may  be  safely 
neglecUd  ia  conaidering  thr  genual  aapect  of  the  lubject. 
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of  the  Moon's  orbit  around  the  Elarth  (e)  intersects  the 
plane  of  the  Earth's  orbit  round  the  Sua  (s) ;  m  E  m'  is  thert^ 
fore  the  line  of  the  Moon'a  noiUt.  Then  at  the  end  of  a 
year  when  the  Karth  is  again  at  e,  the  line  of  intersection 
nill  have  token  up  such  a  position  as  n  £  n',  so  that  it  is 
obvious  that  before  the  Earth  came  to  B,  or  when  she  was 
placed  somewhat  as  at  «,*  the  nodal  line  had  passed  through 
the  Sun.  Now,  it  would  be  easy  to  determine  geometrically 
where  e  should  fall ;  but  there  is  in  this  and  all  idmilar  cases 
a  far  aimpler  mode  of  determining  the  intervals  between  the 
successive  concurrences  of  the  nodal  line  with  the  line  joining 
the  Sun  and  Earth.  We  see  that  if  the  nodal  line  moved 
parallel  to  itself  as  from  m  m'  (fig.  101),  to  1 1',  and  so  on,  it 

Fio.  101. 


Illastratuig  thB  retrogroMion  of  the  Moon'a  nodes. 

would  seem  to  revolve  with  respect  to  the  line  from  9  to  the 
Earth  in  the  direction  shown  bj  the  arrow  near  I,  and  in  I8'6 
years  would  make  16'6  revolutions  in  this  direction.  But  in 
about  18'6  years  the  nodal  line  travels  once  round  in  this 
same  direction,  owing  to  the  perhirbative  effects  already 
■  8  «  is  not  quite  parallel  to  n  s,  bat  inclined  so  tbat  t^  liii«a 
would  meet  tovudi  »'  1.  It  is  plaia  that  if  a  <  were  puallpl  to  n  i, 
th»n  when  tlie  Earth  m»  »t  e  the  Hooa's  nodal  line,  not  haTing  folly 
reHched  the  dirtetion  n  W,  would  not  have  coindded  with  the  line  fivm  t 
to  the  Snn,  the  end  correspond iog  to  n  falling  in  that  cnae  below  s  (. 
The  Earth  would  not  therefore  hare  gone  quits  far  enough  round 
towaida  ■■  The  tme  pUce  of  <  is  therefore  lucb  m  described. 
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referred  to.  Hence  in  all,  in  the  course  of  166  years,  it  makes 
19'6  rerolutioDR  la  this  direction.  Therefore  it  makes  one 
revolution  in  445'^^  "^  *  J'®"'  (approiuDjately),  or  about 
S46-6  days,  so  that  half  of  this  time,  173-3  days,  or  about  live 
months  and  three  weeks,  is  the  mean  interval  at  which  our 
eclipse-seasons  succeed  each  other. 

Now  the  greatest  opening  of  the  Moon's  orbit  as  seen  Irom 
the  Sun  is  easily  determined.  The  Moon's  orbit  is  inclined 
about  5°  9'  to  the  Earth's,  and  therefore  ifii  m  h'  m'  (fig.  102)  re- 
present the  Moon's  orbit  as  seen  when  most  opened,  e  u  or  E  it' 
(half  the  lesser  axis)  hears  to  e  tuor  Etn'the  ratio  which  the  sine 
of  5°9' bears  to  unity,  or  (nearly  enough  for  our  purpose)  E  u  or 
EM'isabout  Tov^^a  of  EfflorsTn'.  But  as  seen  from  the  Sun 
the  Earth's  radius  subtendH  about  ^th  jjart  of  e  m',  the  Mood's 


lUiutiatiug  the  Theory  of  Eclipaea. 

about  a  fourth  as  much,  and  (since  the  mean  apparent 
diameters  of  the  Sun  and  Moon  as  seen  from  the  Eartli  are 
nearly  eqtial)  we  may  add  another  fourth  for  the  quantity 
corresponding  to  m  m'  in  lig.  100.  Thus  we  get  in  all  ]  J 
sixtieths,  or  ^i;th  of  E  m,  as  the  length  which  the  half-axis  oi* 
the  Moon's  orbit,  as  seen  from  the  Sun,  must  not  exceed  if 
there  is  to  be  an  eclipse  when  the  Moon  is  croauug  the  Earth's 
apparent  place.     Such  a  half-axiK  would  be  about  /gtha  of 

EH.* 

'  But  it  may  easily  be  shown  that  whereas  e  h  the  greatest 
opening  is  obtained  by  rotating  the  orbit  (in  the  manner  aiready 
explained)  from  the  position  shown  at  i.,  6g.  98,  through  a  right 
angle,  any  smaller  amount  of  opening,  as  e  k  (fig.  102),  will 
be  obtained  byrotating  the  orbit  through  an  angle  equal  tolEa, 

*  Obtsintd  by  dividing  ^  bj  i-Jj. 
H  H 
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obtained,  as  shown  in  fig.  102,  bj  draving  the  quadrant  h  a 
and    h  I    paraUel    to   £a.*      Aad    therefore    (remembering 

*  Tbi(  ii  ■  vwj  important  general  pnipositioD,  eontintiall^r  invoWed 
when  we  BK  conBidering  the  apptuvnt  change*  id  the  presentatJoii  of  a 
globe,  orbil,  or  ring: — aa  the  changes  in  the  Earth's  presentation  towsids 
the  Sun  (on  which  th^  seasons  dep«nd),  or  the  changes  in  the  apparfnt 
Bgure  of  Saturn's  rings,  or  of  the  orbits  of  his  sotellitee,  or,  again,  the 
changes  (which  belong  more  particularly  to  the  subject  of  this  treatiBo), 

Fin.  103. 


in  the  presentatiuD  of  the  Sun's  latitude  pnral trie— the  paths  apparently 
followed  by  the  spots  as  seen  from  the  Earth.  The  following  simple 
geometrical  proof  of  the  property  is  worth  noUcing,  and  is,  I  brlieve, 

Let  B  b'  be  a  circle  seen  edgewise  &om  a  very  distant  stoUon,  bo  as 
to  appear  as  a  straight  linp,  nnd  suppose  that  the  circle  rotates  bodily 
nbout  the  axis  a  a'  through  its  centre  a;  it  is  required  to  determine  the 
aspect  of  the  circle  after  any  definite  amount  of  rotation.  Enclose  the 
circle  in  a  sphere  about  o  as  centre,  nnd  let  p  o  p',  a  polar  axis  of  the 
circle  at  the  beginning  of  the  motion,  rotata  with  It.  Then,  from 
the  dietant  station,  p  and  p'  will  seem  to  more  along  tigfat  lines  p  q  and 
f'  q'  parallel  to  a  o  a',  tliough  in  reality  the  line  pop'  will  be  re- 
Tolring  conically  and  uniformly  aboot  a  a'.    And  it  is  dear  that  if  a 
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always  what  (he  rotation  corresponds  to)  it  follows  that  the 
time  occupied  bj  the  orbit  in  opening  ottt  firom  an  apparent 
line  to  an  oval  having  a  half-axis  e  k,  will  bear  to  the  time 
occupied  by  the  orbit  in  obtaining  its  full  opening  the  same 
proportion  that  the  angle  lea  bflars  to  the  right  angle  U e a. 
But  we  require  this  proportioa  to  be  such  that  k  e  shall  bear 
to  u  B  the  ratio  5  to  18 ;  and  it  follows,  therefore,  that  the 
angle  I  e  a  must  be  one  of  as  nearly  as  possible  16^  decrees.* 

circle  1h>  desrribed  on  p  o  u  diameter  (only  half  the  cirete  is  showD  in 
ihe  figure),  then,  ae  P  reaU;  reralrea  unifbrmlj  round  a  circle  of  this 
nze,  bat  seen  edgawiie,  we  can  determine  the  apparent  position  of  r  after 
Totating  through  any  giTen  angle,  by  simply  taking  p  it  L  equal  to  this 
angle,  and  dmring  a  peipendienlsr  i,p  one  a.  At  this  moment,  then. 
Ji  oj/  represents  the  appurent  position  taken  up  by  r  o  P* ;  and  clearly 
<  o  i'  at  right  angles  to  ;  op*  is  the  greater  axis  of  the  ellipK  Dow 
preaented  by  the  moring  circle.  The  minor  axis  botf  lies  of  course 
on  j>y.  Kow  in  order  to  deterauDe  the  length  ot  bo»,  conceive  the 
circle  to  Totatfl  oni  o  ^,  till  b  and  b'  appear  to  coincide  with  o.  Then 
plainly  p  has  moved  to  m  on  the  edge  of  Ihe  disc  presented  by  Ihe 
Hphere  (o  ji  tn  Btnight),  and  it  ia  obvious  that  the  amoaot  of  rotation 
about  a  o  e*  aeceeeary  lo  eflect  this  change  it  meaeored  by  the  arc  m  k, 
{p  k  being  drawn  square  to  0  «),  so  that  o  b  must  be  t&e  prqectioa  of 
a  radios  inclined  to  the  eye  sa  0  £  is  inclined  to  o  m.  Therefore  o  b 
must  be  equal  to  ji  k, — that  istoi-ji  (fari.p  and  jii  are  obviously  equal, 
since  ihe  equorc  of  each  ie  equal  to  the  teetangle  np,p  p). 

Hence  we  have  a  vrr?  simple  constnietion  for  determining  the  poeilioa 
of  the  ellipse  t  b  ^  b'  toi  any  amount  of  rotation  round  a  o  a*.  This 
construction  in  full  (slartiug  from  nothing  given,  save  ■Ok',  the 
position  of  a  a',  and  the  amount  of  rotation)  runs  thus : — 

Desdibe  the  circle  B  p  ■',  draw  top'  square  to  B  ■*,  and  P  N  square 
to  1  a*.  Describe  the  are  f  l  equal  to  the  given  rotation-angle,  round 
K  aa  centre,  and  draw  l  p  square  to  h  f.  Then  p  0  pf  \t  the  poiitiott 
of  the  leaser  axis  of  the  apparent  ellipee  now  formed  by  Ihe  circle 
originally  seen  aa  the  line  ■  o  ■  ;  i.  pit  the  length  of  the  half-axee  o  b 
and  oi',  which  we  can  now  meaaore  off  along  p  ajf;  and  of  course  the 
mi^or  oxie  is  simply  the  diameter  a  0  ^  square  to  p  jf. 

Also,  since  the  greateet  amount  of  opening  is  obriouHly  obtained  by 
drawing  i  b,  k*  h*  parallel  to  a  o  V,  and  since  b  »'  ^  is  obviously  equal 
to  P  H  Q,  the  statement  made  in  the  text  is  shown  to  be  just. 

•  The  angle  must  haveaiine  equal  to  0'27T777.and  the  sine  of  161° 
ia  0-277734. 
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Hence  the  required  time  is  obtained  by  reducing  half  the 
before-mentioned  period,  173-3  days,  in  the  proportion  of  16^ 
to  90 ;  that  is,  as  nearly  as  possible,  15^  days,  which  nmst  be 
doubled,  because  we  have  to  consider  the  range  on  either  Eide 
of  the  epoch  corresponding  to  the  presentations  i.,  v.,  ix.,  in 
fig.  98.  Thua,  so  far  as  this  rough  process  is  concerned,  the 
eclipse-seaaon  lafits  31  days,  or  thereabouts.  The  renl  mean 
is  somewhat  greater,  for  the  Moon's  diameter  is  more  than 
one-fourth  of  the  Earth's.  But,  as  we  have  only  had  in  view 
the  genenil  principles  on  which  the  recurrence  and  duration 
of  our  eclipBe-seasons  depend,  exact  accuracy  has  not  (thus 
far)  been  necessary.  For  our  prenent  purpose  we  shall  take 
thirty-three  days  as  about  the  average,  and  consider  one  or 
two  consequences  of  this  relation. 

A  period  of  S3  days  is  a  few  days  more  than  a  lunation. 
Hence,  supposing  that  when  an  eclipse-season  is  beginning,  it 
is  either  new  Moon  or  full  Moon,  there  will  be  three  eclipses 
during  that  season,  for  the  Moon  will  pass  to  full  or  new,  and 
thence  to  new  or  full,  before  the  ecJipse-aeason  is  over.  Now 
of  these  three  eclipses  the  first  and  last  will  be  solar  or  lunar, 
and  the  other  lunar  or  solar.  Yet  we  never  bear  of  a  lunar 
eclipse  followed  by  a  solar  eclipse,  and  then  by  another  lunar 
eclipse,  in  the  course  of  3S  days  or  thereabouts.  We  do  find 
instances  (as  anyone  can  see  by  looking  through  a  few 
successive  almanacs)  of  a  solar  eclipse  followed  by  a  lunar 
eclipse,  and  then  by  another  solar  one  within  such  an  interval; 
but  never  of  the  other  succession.  The  fee  's,  the  'Nautical 
Almanac,'  from  which  all  other  almanacs  take  their  astrono- 
mical facts,  pays  no  attention  to  a  certain  order  of  lunar 
eclipses,  to  which,  in  the  case  con^dered,  the  first  and  last  of 
a  set  of  three  eclipses  must  necessarily  belong.  It  will  easily 
be  seen  that  if  the  middle  eclipse  of  a  set  of  three  is  a  solar 
one,  it  ivill  be  very  considerable,  the  orbit  of  the  Moon  being 
presented  as  at  I.,  v.,  or  ix.,  fig.  98.  But  the  two  lunar  eclipeea 
—one  preceding  and  the  other  following  the  solar  one — will 
be  very  slight  affairs,  for  they  will  happen  when  the  orbit  is 
barely  contracted  enough  (in  aspect  «s  seen  from  the  atm)  for 
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an  eclipse  to  occur  at  all.  As  a  matter  of  fiict,  diey  are  of 
Huch  It  nature  that  though  a  portion  of  the  Sun  is  hidden  from 
the  Mood  the  whole  of  the  Sun  ia  not  hidden  irom  anj  part 
of  the  Moon's  iliuininated  hemisphere.  They  correspond  to 
partial  eclipses  of  the  Sun ;  but  though  a  partial  eclipse  of  the 
Sun  is  a  noteworthy  phenomenon  to  terrestrial  observers,  and 
therefore  £nda  a  place  in  the  '  Nsutical  Almanac,'  one  of  these 
corresponding  lunar  eclipeea  (difiering  altogether  from  partial 
lunar  eclipses  properly  so  called  ")  is  a  very  different  matter, 
and  can  scarcely  be  recognised  at  all  by  the  terrestrial  obser- 
ver. Delicate  photometric  appliances  would  doubtless  show 
that  full  sunlight  was  not  shining  on  parts  of  the  Moon  at  such  h 
season,  but  to  ordinary  observation  no  trace  of  the  deficiency 
of  light  is  discernible.  No  notice  is  taken,  therefore,  of  tLese 
eclipses  in  the  'Nsutical  Almanac,' which  deals  (very  properly 
of  course)  only  with  phenomena  that  can  be  observed. 

It  will  be  seen  then  that  under  the  circumstances  considered 
there  would  be  three  eclipses  or  one  during  the  eclipse-seMon, 
according  as  fiill  Moon  or  new  Moon  occurred  at  the  time 
when  the  Moon's  orbit  was  presented  as  at  I.,  v.,  or  IX.,  fig  98. 

The  case  may  be  illustrated  as  in  fig.  104  ;  only  the  reader 
must  remember  that  the  just  proportions  of  the  orbit«  and 

•  Id  Thnt  is  pn>p«rlf  called  a  partial  lunai  eclipse,  th«re  is  a  put  of 
the  3I00D  from  which  iJie  nbole  dine  of  the  Sun  U  concealed  (setting 
aiiide  the  refraction  of  the  solur  mya  hy  the  Earth's  atmosphem)  ;  but 
in  [ho  eclipeea  considered,  vhich  I  hure  veotui^  to  dcsigaata  peniimlirai 
tuiiar  alijuei,  eterj  part  of  the  moon  ie  illiiminaled  by  direct  HUnlight, 
though  nut  by  the  whole  solar  dine.  I  bellere  I  msj  claim  to  hiiTe  been 
th«  Hrst  to  cslcuUte  a  pennmbral  luniir  eclipse.  The  details  are  given 
in  the  Monthly  Kctica  of  lie  Eoyal  Asttoaomicai  Society  for  IS67-I8SS 
(vol.  jiviii.),  ihe  eclipse  occurring  on  the  night  of  Sepltmber  2  in  ihal 
year.  Tho  tlieorj  of  eclipsca  cannot  be  coneideied  complete  wilbout 
a  coneidemtion  of  [hpee  hitlieita  n^lected  pennmbral  edipEes.  To 
luniLrinnH,  if  such  there  be,  the  Son  miut  appear  really  eclipsed — 
though  but  partially  —  at  aiich  epoche ;  and  in  fiict,  u  stated  in  the 
text,  (bese  eclipses  correspond  exactly  to  pgrtial  solar  ecUpsea  (that  is, 
nut  to  eclipses  which,  though  really  lotal,  are  partially  Been  at  cartain 
sttitions,  but  10  sulur  eclipsei)  which  ate  partial  wherever  seen). 
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disrancea  cannot  be  indicated  in  a  single  diagram.  If  w]ien 
theMoon'sorbit  iapresentedanat  I.,  v.,  orix.,  fig.  98,tbeMoon 
ia  at  u,  (fig.  104)  there  will  be  a  central  eclipse  of  the  Sun  ; 
but  when  tbe  Moon  has  passed  on  to  Mj,  ber  orbit,  as  seen 
from  the  Sun,  will  be  bo  Ikr  opened  out  that  no  part  of  ihe 
Moon  will  be  concealed  front  all  parts  of  the  Sun.  Hence 
there  will  only  be  «  penumbral  lunar  eclipse,  of  which  no 
notice  will  be  taken  in  almanacs.  And  the  like  must  have 
been  the  case  aa  respecta  the  Moon's  position  when  at  v,  before 
the  central  solar  eclipse.  On  the  other  bond,  if  the  Moon  is 
at  Hi  when  her  orbit  is  presented  as  at  I.,  v.,  orix.,fig.  98,  there 
will  be  a  total  eclipse  of  the  Moon.  And,  further,  %hen  the 
Moon  was  at  it^  before  this  eclipse,  and  when  she  is  at  K, 

Fia.  104. 


after  this  eclipse,  the  Sun  must  be  partially  eclipsed,  though  tio 
part  of  the  Earth  will  be  concealed  from  all  parts  of  the  Svn. 

The  aame  holds  when  the  Moon  is  near  to  Uj  or  Mj  in  the 
middle  of  the  '  eclipse-BeaBon,' 

But  when  tbe  Moon  is  at  or  near  x^  or  m„  at  the  time 
when  her  orbit  is  presented  edgewise  towards  tbe  Sun,  only 
two  eclipses  can  take  place.  Suppose,  for  instance,  she  is  at 
M,,  then  carrying  her  onwards,  we  see  that  she  mu!>t  eclipae 
the  Sun  when  at  U|  but  that  she  cannot  be  herself  eclipsed 
when  she  gets  to  M,,  for  then  three  quarters  of  a  lunar  month 
will  have  elapsed  since  the  middle  of  this  eel  ipse -aeason,  and 
an  eclipse-season  cannot  last  a  month  and  a  half  under  any 
circumstances.  Canying  the  Moon  backwards  from  ii^,  we 
see  that  she  must  have  been  eclipsed  when  at  h,,  but  cannot 
have  eclipsed  the  Sun  when  at  Uj.     Hence  there  occur  two 
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ec1!pBe«,  one  sokr  and  the  other  lunar,  in  this  ecUpw-Beaaon. 
And  clearly  the  reasoning  is  precisely  the  same  when  the 
MooQ  ia  at  H]  in  the  middle  of  an  eclipM~Beason, 

The  Bune  holds  when  the  Moon  ia  near  to  x^  *"  "1  i^^  *^^ 
middle  of  an  eclipse-aeaaon. 

In  these  cases  the  two  eclipxes  would  not  be  ao  important 
generally  as  an  eclipse  occurring  in  the  middle  of  an  eclipse- 
seamn.  If  the  Moon  were  exactly  at  ir,  or  u^  the  solar  eclipae 
would  be  central  and  the  lunnr  eciipie  partial ; '  but  even  the 

*  It  is  eaiy  to  oitend  tbe  enlculation  mnde  aliove,  oi  to  the  aTitrage 
dunttioa  of  edipse-newon^  to  determine  how  long  tbe  upeDing  of  the 
Moon's  orbit,  as  tr«n  from  the  San,  conCinaea  STnall  cDough  tor  a 
pArticular  order  of  ectipwa  to  takn  plai».  In  the  following  inqnirj  it 
will  be  enderstood  that  oolf  meiia  tb1u»  are  conaiderrd.  Furthpr  od, 
the  eflect  of  the  eccentricitj  of  the  Ihdot  bdA  terrpstrial  Orbita,  nnd 
other  ctKanietancea,  in  modifyiog  the  limits  of  erlipee-seBaoaB.  will  b« 
di'iilt  with  ;  but  only  in  a  genrral  wnj. 

For  a  ceotml  solar  eclipw  to  take  pl&ee — that  is,  either  &□  aanutar  or 
total  aoUr  edipae — it  is  necesaarjr  that  the  oppning  of  the  Moon's  orbit. 
as  saea  fkim  the  Hud's  c<n /re,  should  be  so  small  wben  new  Moon  occurs 
as  to  intersect  the  Earth's  disc.  For  elearlj  ia  this  eaie  a  line  from 
the  Sun's  centre  to  the  Moon's,  at  the  time  of  new  Uoon,  vrtU  ftX\  oa 
the  Earth's  disc,  and  where  thia  line  aietta  the  ICurth  tlierc  muat  needs 
be  a  central  solar  eclipae;  whereas,  if  the  lino  Joining  the  ceotres 
of  the  Sua  aad  Moon  did  not  meet  the  Earth  there  could  be  no  central 
edipae.  We  bave,  thoa,  the  greatest  opening  of  the  Moon's  orbit  aa 
before,  about  iJiths  of  the  long  diameter  of  the  orbit,  while  the  Earth's 
diameter  is,  aa  we  know,  but  about  a  sixtieth  part  of  thia  long  diameter 
(or  ^tha  of  the  greatest  opening).  So  that  the  time  mjuired  to  open 
the  orbit  to  this  extant  bears  to  867  days  (half  of  IT^J'S,  that  is)  the 
ratio  which  an  angle  whose  sine  Is  ff  bears  to  a  right  angle.  But  the 
atne  of  aa  angle  of  10|°  is  ahout  ,■,,  and  such  an  angle  is  aboat 
^ha  of  a  right  angle.  Hence  the  required  time  is  about  10}  days; 
and,  counting  it  on  either  aide  of  tbe  middle  of  the  eclipse-season,  we 
get  2[)(  daya  as  tbe  doralion  of  what  maj  be  called  the  central-solar- 

How  the  celatioB  bera  conaidered  has  no  counterpart  among  rrcog- 
niaed  orders  of  luaar  edipaee,  since  the  fact  that  a  line  through  tbe 
centres  of  the  Sua  and  Moon  at  tbe  titaa  of  lunar  eclipse  crossed  the 
Earth  would  correspond  onl;  to  the  bet  (hat  the  Bun'a  centre  was 
ooncealaJ  tiom  the  centra  of  the  Moon'a  diae,  a  relatioa  not  reqniriiig 
apecial  consideration. 
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Dolflr  eolipse,  though  central,  vould  be  less  important  (rpgurd- 
ing  the  whole  Earth,  than  a  solar  eclipse  occurring  during  the 

Lrt  UB,  however,  inquire  what  are  the  ai-ersge  limils  of  the  t«o 
□nirrs  of  lunar  eclipsPB  which  are  dealt  with  bjr  astroDnmerx — ric^ 
total  and  partial  lunar  wlipeea. 

Total  eclipaei  of  the  Moon  are  determined  bj  the  tonnderatioii  that 
all  parte  of  the  Sun  are  concealed  from  the  whole  of  the  Hoon'a  disc 
(alvajs  setting  on  one  side  the  effects  of  atmospheric  refraction),  and, 
therefore,  the  opening  of  the  lunar  orbit  moEt  be  Ins  than  the  Earth's 
apparent  diameter,  as  seen  from  the  Sua,  bj  the  eoni  of  the  two 
quantities,  which,  in  the  inquiry  in  the  tsxl,  were  added  to  that 
diameter.  We  nuat,  therefure,  diminish  the  Earth's  apparent  diaEaet«T 
as  seen  from  the  Sun  bj  about  OD^-half ;  so  that,  instead  of  getting  the 
angle  whose  sine  is  about  jy,  as  before,  we  get  the  angle  whose  sine  is 
but  ona-hiiif  of  this,  or  an  auglo  of  about  fij  degrees;  and  the  corre- 
sponding  ptopottion  of  867  days  (or  about  Sj  dajs)  is  one-half  of 
the   total-] unar-^clipae-season,   whose  full  length    is  therefore  about 

Lastly,  for  the  occurrence  of  lunar  eclipses  generallj,  we  must  hare 
the  opeaing  of  the  lunar  orbit  such  that  from  some  p*rt  of  the  Moon's 
disc  the  whole  of  the  Sun  is  concealed,  and  therefore,  on  tbe  assumplion 
hitherto  made  (which  is  not  far  from  the  truth),  that  the  aveiagp  Talne 
of  the  Sun's  apparent  diamet<-r  is  equal  to  the  Moon's,  we  need  neither 
increase  nor  diminish  the  Earth's  appsreot  diameter,  as  seen  frum  the 
Sua.  We  therefore  get  the  same  reenlts  as  when  we  were  Considering 
central  solar  echpses — aamely,  10^  days  for  one-half  of  the  Innar- 
eclipiW-seBaoa,  whose  full  average  length  is  therefore  about  20|  days. 

Now  these  resnlts  enable  us  to  determine  the  geneml  conditions 
under  which  Tarioua  ordnrs  of  eclipses  will  occur  during  the  ectipsc- 

Thul  there  may  be  a  central  solar  eclipse,  the  middle  of  the  eclipse- 
season  must  occur  when  the  Moon  is  somewhere  within  the  arc  m,  ■,  n,, 
such  that  m,  u,  and  n,  u,  are  each  equal  to  the  space  trarersed  by  tbc 
Moon  in  about  10^  d;i3-B.  That  there  inay  be  a  total  lunar  eclipse,  the 
middle  of  the  eclipae-eeason  must  occur  when  the  Moon  ia  somewhere 
within  the  arc  «,  u,  >i!.„  such  that »,  x,  and  it^  m,  tre  each  equal  to 
the  space  traversed  by  the  Moon  in  about  fi\  days.  That  a  partial 
lunar  eclipse  may  occur,  the  middle  of  tbe  ecUpse-season  must  take 
place  when  the  Mood  is  somewhere  on  the  arc  n,  n,  tn,,  such  that 
K;,  Us  and  h,  ntj  are  each  equal  to  the  space  traversed  by  the  Mood  in 
about  \0\  days.  And,  lastly,  it  will  be  gathered  &om  the  inquiry  in  th<- 
text  that  for  two  solar  eclipses  to  occur  during  the  eclipse-season,  the 
middle  of  this  season  must  lake  place  when  the  Moon  is  somewhere  on 
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middle  of  the  eclipse-seaxoD.  It  is  %»t(y  to  see  in  what  Tespect 
it  would  be  less  important.  Wheo  a  solar  eclipse  occurs  in 
the  middle  of  the  eclipse-season,  tJie  Mood's  shadow  traverses 
the  centre  of  the  Earth's  disc  as  seen  from  the  Sun.  It  there- 
fore has  a  longer  course  on  the  Earth,  and  if  total  is  rendered 
more  remarkable  by  traversing  that  part  of  the  Earth  nhich  is 
nearest  to  the  Moon  at  the  time.  It  is  worthy  of  notice, 
however,  that  an  annular  eclipse,  if  its  importance  is  measured 

tbe  arc  n,  h,  m.,  such  that  n^  Mj  and  v,  m^  are  each  equal  to  thp  space 
travereed  bj  the  Moon  in  Che  eieras  of  half  an  edipse-Bcaion  over  half 
a  lunsCioD, 

Kow  tbe  places  of  the  points  m^  m,,  &c.,  vill  ▼arj'  alight!;,  accot^ng 
to  the  length  of  the  laoar  itiocth.  the  poeitlon  of  the  Hood  at  new  or 
full  vitb  reference  to  her  perigee  aod  apogee,  and  eo  on  ;  and  in  par- 
ticular it  is  to  be  noted  that  Che  limiting  poeitioas  of  m,  and  m,,  as  of 
«,  and  n„  are  lucb  that  n,  may  be  between  iRg  uad  M,,  r,  between  i>g 
and  ■,.  But  taking  Uien  aa  at  present  placed,  and  proceeding  round 
the  orbit  from  u,  towards  h,,  &c,,  we  have  the  following  relationa : — 

If  at  the  middle  of  the  ecli pea- season  thp  Moon  is  between  m,  and  n,, 
there  will  be  one  central  solar  eclipse  during  the  season ;  if  between 
tIb  and  »,,  there  will  be  one  central  solar  sclipae  and  one  partial  lunar 
eclipse ;  if  between  »,  and  «,,  there  will  be  one  central  sijlat  eclipse 
and  one  total  lunar  eclipse ;  if  between  »,  and  n,,  there  will  be  one 
partial  solar  eclipse  and  one  total  lunar  onni  if  between  n,  and  m,, 
there  will  be  two  partial  solar  eclipses  and  one  total  lunar  one ;  if 
between  m,  and  «t„  there  will  be  one  partial  solar  eclipse  and  one  total 
lunar  one ;  if  between  fn,  and  nig,  there  will  be  one  centra!  solar  eclipse 
and  one  total  InniiT  one;  if  between  ni,  and  m,  there  will  be  one 
central  solar  eclipse  and  one  partial  lunar  one ;  and,  lastly,  if  the  Moon 
ia  between  nig  and  M„  there  will  be  during  the  eclipse-Bsasoil  one 
central  solar  eclipse. 

Thus  them  will  be  one  eolar  eclipse  if  the  Moon  is  on  tbe  arc  n,  n, 
at  the  middle  of  the  eclipse-eeason,  a  solar  and  lunar  eclipse  if  the 
Moon  is  on  either  are  m,  m,  or  n,  n,,  and  two  solar  eclipses  and  one 
lunar  one  if  the  Moon  la  on  the  arc  n^  m^.  The  dimenaiona  of  these 
area  indicate  the  probability  that  an  eclipse-season  will  include  aae,  two, 
or  three  eclipses.  Only  when  the  Moon  falls  aa  either  of  the  aics 
iHy  nt,  and  n,  n,  can  there  be  a  central  sotar  eclipee  and  a  total  lunar 
one  ;  this  combination  is,  therefore,  vety  infrequent.  Still  more  infre- 
quent is  the  occurrence  of  a  partial  solar  and  a  partial  lunar  eclipse  in 
the  aame  eclipse-season  ;  for  this  can  only  happen  when  tn,  is  for  the 
time  betwesD  nr,  and  v.,  %.  between  «,  and  v.. 
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by  the  breadtli  of  the  ring  when  the  Sun  is  centrally  eclipsed, 
ifi  aftVcted  in  s  contrary  manner  vhen  the  shadow  of  the  Moon 
falls  near  the  centre  of  the  Earth's  dine ;  for  that  point  being 
near<>3t  to  the  Moon,  the  Moon  appears  relatively  larger  there, 
and  the  annulus  therefore  relatively  narrower.  It  is  true  this 
part  of  the  Earth  is  ncaretit  also  to  (he  Sun,  but  his  apparent 
magnitude  is  little  affected,  whereas  the  Moon's  (owing  to  her 
relative  proximity)  is  appreciably  enlarged. 

We  may  thus  sum  up  the  general  characteristics  and 
relHtions  of  our  eclipse-seasons,  the  note  on  the  preceding 
paragraph  supplying  the  details  on  which  the  results  are 
founded : — 

The  most  common  of  all  orders  of  eclipse-seasons  are  those 
in  which  two  eclipsea  take  pisce.  Of  these  one  of  course  is 
sclar,  the  other  lunar,  and  most  commonly  the  solar  eclipse 
is  central,  the  lunar  one  partial,  but  in  a  coneiderable  propor- 
tion of  cases  the  solar  eclipse  is  partial  and  the  lunar  one 
total.  Very  seldom  does  a  total  lunar  eclipse  accompany  a 
central  solar  one,  and  yet  more  seldom  are  both  partial  Next 
in  order  of  frequency  to  the  seasons  of  two  eclipses  are  the 
seaBODH  of  but  one  eclipHe,  always  a  central  solar  one.  Lastly 
come  the  seasonn  in  which  there  are  three  eclipses,  which  are 
always — in  order — a  partial  solar  eclipse,  a  total  lunar  eclipse, 
and  again  a  partial  solar  eclipse.' 

*  From  the  precediog  note  it  follows  that,  tbs  svangs  freqiwiM;  ol 
the  aevezBl  ordsn  of  sdipBea — csnittjng  the  case  of  two  putiiil  wlipMS 
■B  of  sach  jafrequent  DccurreD<» — are  fniriy  praBeatsd  in  the  fblloving 
table,  in  whieh  iho  lettres  refer  to  %.  104  :— 

FSSqUmCT  FBDFOBTiailAt.  TO 

CUfs  I.  Three  eclipm,  partial  Diiji  of  Innitkn. 

■olar,  total  lunar,  and  partinl 

uolnr  ....  are  m^n^         ,        .    aboDt  S\ 

ClnsB  IL   One    eentrat    solar 

eclipee "a  "a  ■        •        ••     H 

Clasi  III.  One  solar  and  one 

lonar  eclipse  .  .  .  „  «Ri  n,  +  ate  n,  n*  „  17 
Snbdiviiioni:  — 

Solar  central,  lunar  partial    ,,  ott  "i  *    n  "t  "i     •<   ^'H 

Solar  partial,  Innac  total      .     „  in,  m,  +    „  n,  n,     „     fit 

Solar  central,  lunar  total     .     „  tn,  m,  +    „  «,  n,     „     l| 
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Now,  with  regard  to  the  miccessioQ  of  these  eclipM-seaBonp, 
it  needs  onl/  to  b«  noted  that  three  seaeoiis  in  which  there  are 
three  eclipaea  ne*er  occur  in  niccesnon. 

We  can  now  eauly  determine  the  greatest  and  leatst  number 
of  ecHpoee  which  ma^  occur  in  nny  single  year.  The  average 
interval  between  successiTe  eclipse-Beosona  is  173-3  days. 
Two  such  intervals  amount  together  to  346*6  days,  or  fall 
short  of  a  year  by  about  19  days.  Uence  there  cannot  be 
three  eclipse-seasons  in  a  yesr.  For  each  eclipae-seaaoa  lasts 
on  the  average  33  days.  Now  suppose  an  eclipse-seMon  to 
begin  with  the  beginning  of  a  year  of  366  days.  The  middle 
of  the  season  occurs  at  about  midday  on  Januat^  17 ;  the 
middle  of  ilie  next  eclipse-season  173*3  days  later,  or  on  the 
evening  of  July  8 ;  and  the  middle  of  the  third  occurs  yet 
173*3  days  later,  or  on  December  Si9,  early  in  the  fbrenoua ; 
so  that  nearly  the  whole  of  the  remuning  half  belouga  to  the 
following  year.  Now  this  ia  clearly  a  favourable  case  for  the 
occurrence  of  as  many  eclipaea  as  possible  during  the  year.  If 
all  three  seasonscould  be  of  the  class  containing  three  eclipses, 
there  would  be  ei^t  eclipses  in  the  year,  because  the  second 
eclipse  of  the  third  season  would  occur  in  the  middle  of  that 
season.  This,  howerer,  can  never  happen.  But  there  may 
be  two  seasons,  each  containing  three  echpses,  followed  by  a 
season  containing  two  eclipeee,  only  one  of  which  can  occur  in 
the  fragment  of  the  eclipse- season  Mling  within  the  same  year. 
In  this  case  there  would  be  seven  eclipses  in  the  year.  So  also 
there  would  be  seven  if  in  the  first  season  there  were  three,  in 
the  second  two,  and  in  the  third  three,  for  then  the  fragment  of 
the  third  fitlliug  within  the  year,  being  rather  more  than  one- 
half,  would  comprise  two  eclipses.  So  also  if  the  three  succes- 
sive seasons  comprise  severally  two,  three,  and  three  eclipses. 

The  same  would  clearly  happen  if  the  year  closed  witli 
the  close  of  an  eclipse-season. 

There  may  then  be  as  many  as  seven  eclipses  in  a  year,  in 
which  case  at  least  four  eclipses  will  be  solar,  and  at  least 
three  of  these  partial,  while  of  the  lunar  eclipses  two  at  least 
will  bo  tctal. 
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As  I'^ards  ^e  least  pngaibla  Dumber  of  eclipaee,  it  is  ob- 
vious that,  aa  there  must  be  two  eclipBe-aeasons  in  the  year, 
and  at  least  one  eclipse  in  each,  we  cannot  have  leec  than  two 
eclipees  in  the  course  of  a  year.  In  this  case  each  eclipse  !■ 
solar  and  centraL 

As  r^arda  intermediate  cases,  we  need  make  no  special 
inquiiy.  Many  com bi nations  axe  poasible.  The  most  common 
case  is  that  in  which  there  are  four  eclipses — two  solar  and  two 
lunar.  Further,  it  may  be  noticed  that,  whatever  the  number 
ofecHpses,  from  two  to  seven  inclusive,  there  must  always  be 
two  solar  eclipses  at  least  in  each  year. 

And  now  we  may  turn  from  the  particular  mode  of  con  ■ 
Bidering  ecllpaes,  which  we  have  thus  &r  followed.  There  is 
another  by  which  we  might  have  iirrived  at  similar  results 
almost  as  readily.  We  might,  instead  of  viewing  the  Earth 
and  Moon  in  imagination  from  the  Sun,  have  traced  the  course 
of  the  Sim  and  Moon  around  the  heavens.  Both  methods  of 
dealing  with  echpsea  are  employed  by  astronomers,  the 
method  used  in  the  preceding  pages  correaponding  to  what  is 
termed  lie  method  of  projection,  the  other  to  the  method  of 
direct  calculation  from  the  celestial  ordinates  of  the  Sun  and 
Moon.  For  our  present  purpose,  however,  one  method  is  all 
that  need  be  considered.* 

And  now,  before  closing  this  essay,  I  will  consider  in  the 
usual  manner  the  nature  of  the  Moon's  ehadow-cone  in  aohkr 
eclipses,  and  of  the  Earth's  shadow-cone  In  lunar  eclipses. 

Eclipses  of  both  sorts  may  be  r«^rded  a»  illustrated  together 
in  fig.  105.     Here  e  is  the  Earth,  and  the  Moon  is  shown  in  two 

•  In  the  Popular  Scienee  Seeimt  for  July  1868  I  haye  eiliibit«d  t 
line  of  resBoning  by  which  the  remits  deduced  above  can  be  obtaiDMl 
by  coDKidering  the  appsreut  motJoas  of  the  Mood  and  Sun  around  the 
celestial  vault.  By  the  artifice  of  rt^rding  these  motions  -u  taking 
place  on  a  sphere  wliich  can  be  vieved  from  without,  and  lbi(t«d  or 
rotated  bo  as  to  illustrate  the  varioos  reluttoni  dealt  with,  the  whole 
Bubjecl,  me;  be  very  conrenieiitly  discussed.  The  student  of  aatn>eoniy 
docs  well  U  exsmine  all  such  questions  by  as  many  independent  methods 
an  possible;  but  in  the  present  treatise  thrre  is  not  specs  for  a  completa 
investigation  of  the  tbeorjr  of  eclipses  on  the  second  plan. 
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pkcea, — at  h,  directly  between  the  Earth  and  Sun,  and  at  the 
point  opposite  u,  inthebeartof  theEartli's  Bbadow-cone.  The 
true  geometrical  ehadovs  of  the  Earth  and  Moon  are  shown 
black,  the  true  geometrical  penumbne  are  abaded.     It  muBt  be 

Flo.  lofi. 


understood,  however,  that  tlie  vertical  dimeneiona  have  had 
to  be  exa^erated  ;  the  angle  at  c  ought  properly  to  contain 
but  about  half  a  degree.  Such  an  angle  could  not  be  conve- 
niently employed  in  illuatratiug  our  subject. 

c  e  and  c  e'  produced  touch  the  Sun's  globe  ;  bo  also  do  the 
boundaries  of  the  Moon's  black  shadow.  The  boundaries  m  e 
and  tn  e'  toucb  tbe  Sun's  globe  after  craning ',  so  also  do  the 
boundaries  of  the  Mood's  penumbra. 

The  distance  e  c  is  variable,  being  as  great  as  870,300 
miles  when  the  E!arth  is  in  aphelion,  and  as  small  as  843,800 
miles  when  the  Earth  is  in  perihelion.  The  Moon's  orbit 
round  the  Earth  has  a  mean  radius  of  238,770  miles.  Thus 
the  Earth's  shadow  extends  about  three  and  a  half  times  as 
for  from  the  Earlh  as  the  Moon's  orbit. 
Fio.  IDS. 


niuBtiBting  the  Thsoiy  of  Eclipses. 

The  end  of  tbe  Moon's  shadow  is  represented  on  a  larger 
scale  (and  without  the  penumbra)  in  figs.  106  and  107.  In 
fig.  106  the  shadow's  extreme  point  c  does  not  reach  tbe 
Earth;  in  fig  107  it  paesea  far  beyond  tbe  Earth.     The  two 
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figures  represent  the  extreme  possible  range  of  the  shadow- 
point  either  way.  In  fig.  106  there  ie  ahown  bejood  c  a 
shaded  anti-cone.  From  any  point  within  this  tlie  Sun  will 
be  annalarly  eclipsed.  Thus  the  secdon  at  a  a' includen  that 
part  of  the  Earth  whence  at  the  motneDt  an  annular  eclipse  of 
the  Sun  is  visible.*  On  the  other  hand,  the  section  u  u'  in  fig. 
107  includes  the  part  of  the  Earth  whence  the  Sun  is  totally 
eclipsed.  It  is  important  to  notice  that  the  greatest  possdble 
width  of  uu'  is  about  173  miles.| 

Now  in  fig.  105  the  points  m  m  m'  m'  may  be  Bupposed  to 
lie  on  the  Moon's  orbit  seen  in  plane.  If  we  suppose  this 
orbit  not  to  lie  in  the  plane  of  tbe  paper,  but  tilted  at 
an  angle  of  5°  (or  nther  to  an  angle  as  much  lai^;er  than 
5°  as  the  shadow-angle  at  c  is  increased  beyond  -ita 
true  value  of  half  a  minute),  then  by  conceiving  the  whole 
figure  turned  about  c  u,  until  the  Moon's  orbit  ia  seen 
udeways,  this  orbit,  according  to  the  direction  in  which  the 
tilt  existed,  would  exhibit  a  sliape  resembling  one  of  tJiose 
shown  in  fig.  96  (only  more  open  on  account  of  the  exaggera- 
tion of  tlie  tilt.  And,  further,  if  we  could  watch  from  nuch  a 
standpoint — that  is  (obviously)  a  standpoint  towards  which 
or  from  which  the  Earth  was  travelling — daring  a  period  of 
about  346  days,  we  should  see  the  Moon's  orbit  pasung  in 

■  It  io  obriooB  that  the  San  will  wem  to  be  BnnulaTl;  eclipsed  from 
any  point  vitbio  Uiis  anti'inme ;  for  Uaeg  drawn  from  any  mch  point 
U>  tbe  circle  on  tbe  Uood  in  which  tha  ahadow-cone  begina  will  Tonn  a 
cone  (right  or  obliqne)  which,  beyond  tba  Hmn,  will  be  wholly  within 
tbe  extenaion  of  the  shadow  conri'a  geometrical  aarfhce.  Hence  a 
portion  of  the  Sun'a  globe  mnat  lie  uuUide  and  around  this  inner  conn. 
Thia  portion  will  UsviBible,  therefore,  from  the  tbBoi  of  thia  innprcone 
(the  point  within  c  a  a")  aa  a  ring  of  light,  whose  buundAriaB  viU  bn 
concentric  or  ecceatric  occocding  as  the  inaec  cone  is  right  or  ob1i<]Qe — 
in  other  worda,  according  M  ite  veitaz  lice  or  not  on  the  axia  of  the 
ahadow-cone  produeed. 

t  The  pitreme  limita  of  central  solar  eclipses  reaolt  when,  Brat,  the 
Sod's  diameter  has  its  greateat  r&lnc ,  32'  SO"'!,  and  tbe  Moou'a  its  Intat, 
39'  ai'-O,  in  which  raae  a  ring  of  light  1'  37"-!  wide  remains;  and, 
secondly,  when  the  San'a  diameter  has  lU  least  and  the  Moon's  its 
greatest  valne,  in  which  case  the  Moon's  diac  overlaps  the  Sun'a  by 
69"'e,  and  tbe  Sua  continues  for  sereral  minutes  totally  adipeed. 
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orderlj  Buccesaion  though  aU  such  phiwes  as  are  exhibited  in 
.fig.  98. 

Now,  clearly,  since  for  a  lunar  eclipae  to  occur  tho  Moon 
muit  enter  the  cone  m'  c  m'  opposite  m,  while  for  theoccurrence 
of  a  Bolar  eclipae  the  Uoon  must  enter  this  cone  oppoute  m', 
lunar  eclipeea  must  on  the  whole  be  less  nomeroua  than  total 
ones,  for  the  cone  ia  appreciably  narrower  opponite  m  than  op- 
pcvte  m'.  It  is,  however,  also  obvious,  that  when  the  Moon 
it  in  the  Karth'e  shadow  she  is  eclipsed  aa  viewed  from  a 
whole  hemisphere  of  the  Jilarth,  whereas  when  the  Moon  casta 
a  shadow  on  the  Earth  the  Sun  is  only  eclipeed  an  viewed 
from  parts  of  the  Earth  which  are  traversed  by  that  shadow. 
The  extent  of  such  regions  lalls  very  iar  short*  of  half  the 
Earth's  miriace.  Hence  solar  eclipaea  are  le*e  frequent  at  any 
given  station  than  lunar  ones. 

But  it  is  worthy  of  notice  that,  if  pennmbral  lunar  eclipaes 
are  included,  more  lucar  eclipses  than  solar  ones  occur  in  any 
long  period  of  time.  For,  clearly,  the  section  of  the  peuumbral 
cone  opposite  tn  isgreater  than  that  of  the  cone  mem'  oppoxite 
m',  unce  both  cpnei)  enclose  the  Sun,  but  the  vertex  of  the 
former  is  nearer  to  the  Snn  than  diat  of  the  latter,  and  there- 
fore the  vertical  angle  of  the  former  cone  ia  the  greater. 

It  is  coDvenicDt  to  notice  in  concluuon,  that  in  every  period 
of  21,C00  luoBtions  tliere  are  on  thu  average  4,072  solar 
eclipMes  and  2,614  lunar  eclipse^  not  counting  penumbinl  ones. 
If  penumbral  lunar  eclipses  are  included,  the  number  rises  to 
4,231.  In  all  there  are  (on  the  average)  6,686  lunar  and 
volar  eclipses  in  the  cotuw  of  every  31,600  lunations,  the 
total  rising  to  H,303  when  penumbral  lunai  eclipses  are  added. 

*  The  ntent  of  the  r^on  actaxlly  in  diadow  at  a  givra  moment 
Til]  vary  ia  diffprent  eclipwa,  and  at  diffrrGlit  houn  during  the  ssma 
eclipee.  It  will  be  leut  of  all  when  the  Mood's  i«al  thadow  has  its 
grcHtcst  posaibls  rxtent  (t.  (.  when  the  Snn  is  in  aphelion,  the  Moon 
in  peribslion,  and  txith  is  neitr  ttio  smith  m  the;  can  be  annpotiblj 
with  tbow  conditioDi).  At  such  a  time  the  edge  of  the  penumbra  forma 
a  circle  (approximatelj)  having  a  radhia  equal  to  the  Moon's  diameter 
^minishad  b;  about  30^  miles,  or  a  radius  of  about  2,078  miles.  Ths 
eiteut  of  the  Earth's  surface  then  in  ihadow  ia  eaail;  shown  to  be  abont 
one  37th  part  of  the  whole  Barface  of  the  Earth. 
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TablbL 

Principal  Bementi  of  '^  Ban. 
Eqnatoriut  borizonUl  panllax  ut  mean  dioUnce  fhim  the 

Earth             8"-fl 

Diamrter  io  miles 850,00<) 

Diftmeter  (Earth's  lu  1) 108 

Tolnme  (Enrth'n  us  1) 1.2611.001) 

Mass  (Earth's  as  1) aiS.WKf 

Drnsky  (Enrtli'ias  1) H-Hf* 

Density  iWaWr's  as  1)                1-42 

Surface  (Earth's  as  1) 11.650 

Gravity  at  surface  (Earth's  as  I) 271 

Pall  of  bodies  in  feet  in  one  second 4363 

Greatest  appAient  diameter  viewed  from  theEartii    .  32"  3S"'ll 

Mean                        ,,                        »  32'    3"-64 

Least                        „             .          ,.                          .        ■  31'81"-79 

Lineiu!  value  uf  1"  at  mean  distance  from  Earth         .  450  miles. 
Tht^menttofihtSiriiTaiaiiiyinxregitKniik  Chapter  IV„  pp.  210, 31 1. 
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